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DARPA QUARTERLY STATUS REPORT

January - March 1991

UNIVERSITY OF NEW MEXICO
Visible Diode Lasers

We have fabricated visible laser diodes in AlGaAs/strained AlGalnAs MOCVD materials lasing
at 675 nm with output powers up to 600 mW using ! msec pulses. Thresholds are several
kA/cm? but the strained QWs appear to improve the reliability. Unstrained wells for the same
structure did not lase at up to kA/cm? pump current. Further tests and characterization are
planned.

Epitaxial structures have been grown for second harmonic generation in GaAs and green light
observed in these structures. Extensive experiments aimed at growth of HBT and p-n-p-n
optical switches have been undertaken. with results showing good performance using carbon
doping of the base layer. These devices have been monolithically integrated with VCSEL diodes
to form the first optical logic elements of this type. This technology utilizes the results of our
regrowth experiments and multi-step MOCVD epitaxy. Please refer to the report on device
results for details.

Facility engineering and architechtural designs are nearly completed for the Crystal Growth
Facility Expansion project (Joint with NMRDI). Preliminary design work has been completed
on the new MOCYVD reactor, and Dr. Schaus traveled to Europe to evaluate custom MOCVD
equipment vendors. Building bid requests should be distributed on July 17th. The MOCVD
reactor bid request should go out in late July as well. (C. F. Schaus)

Vertical Cavity Surface-Emitting Lasers

A new epitaxial structure for a vertical-cavity surface-emitting laser (VCSEL) was designed and
grown by MOCVD. It consists of a multiquantum well, graded-index, separate-confinement-
hetero-structure (GRINSCH) active layer bounded by quarter-wave, multilayer reflectors (MLR)
with graded interfaces. Using a planar device design with proton-implanted current-
confinement, we have fabricated VCSELs with record cw performance characteristics at room
temperature, including the lowest series resistance (20 Q), threshold voltage (2.4 V), current
density (740 A/cm?2) ever reported. In addition, these VCSELs have demonstrated high
differential quantum efficiency (80%), high power conversion efficiency (6%), low threshold
current (2 mA), and high optical output power (2 mW), which are comparable to or better than
those of state-of-the-art devices grown by MBE. These improved characteristics were achieved
largely by the continuous grading of the hetero-interfaces in the reflectors, which reduced the
energy barriers that impede carrier transport and eliminated a significant contribution to the
series resistance. These VCSELs comfortably meet all of the performance goals set forth in our
DARPA milestones. (Cheng, Schaus, and Sun) T

Spatial Light Modulator Arrays _ ? '

3
A mask set for arrays of multi-quantum-well spatial light modulators has been designed, ‘. ]
including arrays of symmetric SEEDS. A reflection-mode GaAlAs/GaAs SEED epitaxial oY, ~r...».~__,:

structure has also been grown. Device fabrication and testing are in progress. (Cheng) i Tj —_
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High-power Picosecond Pulse Generation Using Diode Lasers for Widespread Optical Clock
Distribution and Time-division Multiplexing

Three high-power external cavity laser experiments have been designed and constructed:

1. static mode filtering of wide stripe lasers using unstable resonator geometry,
2. active mode-locking of wide stripe laser,
3. additive (coupled-cavity) mode-locking experiment.

Experiment 1 has achieved single transverse mode operation up to 250 mW and single
longitudinal mode operation with narrow linewidth (instrument-limited at 0.05 nm) up to 550
mW, with 100 and 150 um stripe lasers driven by 10 to 100 ns pulses at 10 kHz repetition rate.
The lasers had their internal facets anti-reflection (AR) coated (residual reflectivity < 1%) for
good external cavity coupling efficiency.

Experiment 2 has demonstrated 50 ps pulses with extensive sub-structure and poor spectral
characteristics due to imperfect AR coatings. One laser diode with good AR coatings gave good
results but its lifetime was short (~ 10 h).

Experiment 3 is still under construction, and is expected to begin on July 1.
The following problems have surfaced:

1. poor reliability of first batch of wide-stripe laser diodes (fabricated in-house). A second
batch is being prepared.

2. lack of reproducibility and occasional device damage in e~-beam dielectric evaporator during
AR coating process. Time has been reserved on a magnetron sputtering setup (a system
used for research by another professor in the department) which should yield more
reproducible results. (J.G. MclInerney)

Visualization of Complex 3D Integrated Circuits
Infrared sources

We have studied a technique to generate long (more than 100 pulses of approximately 10 ps
duration, at 1.06 um. The technique is called Passive Negative Feedback, and has been the
object of a detailed review paper, to be completed in the next reporting period. Unfortunately,
the goal of stable extended train of pulses of less than 10-ps duration has not been reached yet
with the arc lamp pumped Nd:YAG source, because of problems associated with thermal lensing
in the two rod cavity required for this operation, as well as thermal birefringence.

This source is designed for switching small electrical circuits (coplanar striplines), and probing
the electric field.

Copper Vapor Laser Pumped Amplifier

The plasma tube of the Metallasor technology copper vapor laser to pump the femtosecond
amplifier (used for imaging) failed and had to be replaced. Shortly thereafter, the thyratron
failed and had to be replaced.
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Imaging

Despite the repeated breakdown of the copper vapor laser, we have been able to demonstrate
the imaging using visible radiation, an image intensifier, and a reticon detector as two-
dimensional detector. Depth resolution is achieved by type Il up-conversion in a urea crystal.
A publication has been submitted to Applied Optics on this phase of the work. (J.-C. Diels)

Thermal Properties of Electrically Pumped VCSELs

In spite of severity of thermal problems in vertical-cavity surface emitting lasers, there has been
no adequate treatment of thermal properties of these devices. Previous approaches suffered from
oversimplified assumptions such as one-dimensional heat flow or absence of Joule heating. We
have developed a comprehensive two-dimensional thermal-electrical self-consistent model of
etched-well double-heterostructure VCSELs. Major heat sources have been identified and their
spatial distribution has been determined by analyzing current spreading in the device.
Temperature profiles due to individual heat sources have been calculated and their aggregate
effect has been examined. Various new aspects of etched-well VC-SEL behavior have been re-
vealed. Unless careful design is undertaken, the device may suffer from poor overlap between
the optical field and gain profiles, which inevitably would increase its threshold. Novel horizons
for thermal waveguide engineering are opened by ability to control the sign and magnitude of
the guiding effect simply by changing the N-Al; 3Gaog.7As layer doping. Thermal behavior can
be improved significantly by increasing the P-Alp3Gao.7As layer doping.

Milestones for the next quarter include: 1) Optimization of the design of etched-well VCSELs
aimed at maximizing the output power; 2) Thermal analysis of two-dimensional arrays of
etched-well VCSELs. (Marek Osinski)

The following papers have been submitted:

M. Osinski, Vertical-cavity surface-emitting semiconductor lasers: Present status and future
prospects (invited paper), SPIE Symposium on High Power Lasers, OE/LASE’91, Los Angeles,
California, January 20-25, 1991.

W. Nakwaski and M. Osinski, Thermal properties of etched-well surface-emitting semiconductor
lasers, 1IEEE Journal of Quantum Electronics.

W. Nakwaski and M. Osinski, Temperature profiles in etched-well surface-emitting
semiconduclor lasers, Japanese Journal of Applied Physics (Letters).

W. Nakwaski and M. Osinski, Thermal waveguiding in etched-well surface-emitting diode lasers,
CLEOQO '91 Conference on Lasers and Electro-Optics, Baltimore, Maryland, May 12-17, 1991,

Optical'- Pumped DFB-RPG VCSELs

A novel distributed-feedback resonant-periodic-gain structure for vertical-cavity surface-
emitting lasers has been proposed and demonstrated. Compared to recently developed DBR-RPG
structures, a reduction in the total thickness of the device by almost a factor of two is achieved
by eliminating the end reflectors and by interlacing the quarter-wave multilayer high reflectors
with the RPG medium. The DFB-RPG devices offer the advantages of considerably simpler
fabrication process, improved wavelength selectivity, and strong discrimination against excita-
tion of secondary longitudinal modes. Room-temperature cw and pulsed operation has been
achieved using a prototype device grown by MOCVD at CHTM Crystal Growth Facility.
Preliminary data obtained on optically pumped bare wafer sample without any heat sink indicate




that very high output power should be possible. 6.7 mW cw and 8.5 W pulsed output power was
measured.

The milestone for the next quarter is to explore high-output power limits under pulsed condi-
tions. (M. Osinski)

Paper submitted:

M. Mahbobzadeh and M. Osinski, Novel distributed-feedback structure for surface-emitting
semiconductor lasers, SPIE Symposium on High Power Lasers, OE/LASE’91, Los Angeles,
California, January 20-25, iv91.

STANFORD UNIVERSITY

The Stanford projects are directed in two major directions: 1) the development of visible light
sources, and 2) development of high speed optical modulators and detectors for optical
interconnects, processing and computing. Progress for the period 1/1/91 through 3/3/91 is
reported below.

Visible Light Sources
Second Harmonic Generation in Periodically-Poled Materials

The goal of this program is to demonstrate efficient generation of visible radiation by quasi-
phase-matched second harmonic generation (SHG) in periodically-poled ferroelectric
waveguides. Prior to the start date of the DARPA program, we demonstrated lithographically
defined periodic domain inversions in lithium niobate, subsequent waveguide fabrication by
annealed proton exchange, and generation of green and blue light by SHG in the waveguides.
Our goal for the first year of the DARPA program is to improve the efficiency of these devices
to the point where it is possible to generate > ImW of blue light.

Our initial focus has been on improving our understanding of the annealed proton exchange
(APE) process, as it appears to be limiting the efficiency of the device both through axial
inhomogeneities, which spoil the phase matching by inducing axial variations in the phase
velocity, and through a reduction of the nonlinear susceptibility dependent on the proton dose.
Characterization of APE is complicated by the nonlinear diffusion coefficient, and the nonlinear
dependence of the index of refraction on the proton concentration. We have developed a model
for the nonlinear diffusion and the dispersion, based on measurements of wavelength dependent
modal effective indices and modal intensity profiles, that appears to adequately describe the
evolution of the concentration profile with annealing over all practical concentration regimes
and the optical properties from 400 nm - 1300 nm. This model will be used to design improved
waveguides for more efficient devices, and is being prepared for publication. (Fejer)

Development of II-VI Materials

Work has progressed in two areas related to materials growth for nonlinear frequency
conversion: 1) fabrication of laterally patterned II-VI layers for quasi-phase matching (QPM)
and 2) growth of ZnSe on GaAs. In the first quarter, we reported growth of alternating
polycrystailine and <111>CdTe stripes on <100>GaAs substrates, which were patterned with
silicon dioxide stripes. The second harmonic intensity observed from the CdTe over the silicon
dioxide is lower than that of the CdTe grown on bare GaAs. This result suggests that lateral
modulation of the nonlinear coefficient is possible using this structure. However, atomic force
microscopy measurements showed a large step height between the poly- and single crystal CdTe
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regions. Another proposed structure for QPM consists of alternating <i00>/<111> stripes of
CdTe. We can grow <100>CdTe on a GaAs surface that has a native oxide, and <111>CdTe on
a clean GaAs surface. We are testing the use of AlGaAs layers as a means of controlling the
orientation of the CdTe. Initial results with a high Al fraction yielded polycrystalline rather
than <100> CdTe. During the next quarter we plan to investigate optimization of the Al
fraction and in-situ preclean to obtain <100> material. (Gibbons, Fejer)

High Speed Opticai Modulators and Measurements

We have been investigating the strained InGaAs/GaAs material system for improvement in our
electro-absorption modulators. In the possible areas optical computing, processing, and
interconnect applications, the strained InGaAs material is expected to be particularly useful
since the substrate is transparent at the operating wavelength and there are efficient laser light
sources available. Mathematical models of exciton wavefunctions predicted improvement in the
quantum well absorption if the barrier height is incresaed by the addition of aluminum to the
barriers. Convertionally, the AlGaAs/InGaAs material is considered poor for optical devices,
since the large number of surface states and traps decreases the radiative lifetime. However,
since modulators rely on absorption rather than recombination, we postulated that these
detrimental effects would be less important. These devices are now being grown and will be
processed next quarter. (Harris)

Ultrafast Sampler

We measured a 2.0 ps total system response time for the photodiode/sampler, corresponding to
a 3 dB bandwidth of 150 GHz. To our knowledge this is the fastest photodiode ever reported.
The responsivity was 0.15 A/W which gives a 33% externa! quantum efficiency at 532 nm. A
modelocked Nd:YAG laser with a fiber-grating pulse compressor and crystal doubler was used
to generate 1.1 ps pulses. These were phase-locked to a reference that drove the sampler at an
offset rate giving a 240 ps time window. The measured system response of 2.0 ps includes
contributions from the photodiode response time, the sampler aperture time, the laser pulse
duration, the residual laser timing jitter, and microwave synthesizer jitter. We estimate the
photodiode response time to be 1.5 ps. (D. Bloom)

Vertical Cavity Lasers

Material for the topless laser was grown at the Sandia National Laboratory and characterized
there by a student visiting from Stanford. The linewidth of previously grown surface emitting
lasers was measured to be 65 MHz by heterodyning two lasers on a fast photodiode, and the
variation of frequency with injection current indicates that electrical feedback may be used
for linewidth narrowing. A high-reflection dielectric coating was applied to a sample of the
topless material for testing. This sample lased with a threshold of 10° W/cm? indicating
promise for the external cavity laser. (Sandia Laboratory)

CALIFORNIA INSTITUTE OF TECHNOLOGY
Lattice Mismatch Accommodation by Ton- Assisted Molecular Beam Epitaxy

Progress and results of our investigation of lattice mismatch accommodation by ion-assisted
molecular beam epitaxy (IAMBE) are described. In the last quarter, we investigated a novel
scheme for lattice mismatch accommodation between Si and GaAs by reduction of dislocation
density in fully-relaxed Ge buffer layers on Si, in order to provide a high-quality lattice-
matched substrate for GaAs/Si heteroepitaxy. The new method involves confinement of misfit
dislocations in relaxed Ge buffer layers by growth of epitaxial films rich in point-like defect on




the relaxed buffer layers. We have found that the layer containing point-like defects generated
by IAMBE can actually confine misfit and threading dislocations within the relaxed buffer
layer, leading to an order of magnitude reduction in dislocation density in layers grown on the
IAMBE film with respect to the relaxed buffer layer below the IAMBE film.

To date, the best dislocation density achieved in 0.5 um thick relaxed Ge films is 107/cm2. We
note that this is already comparable to the best reported dislocation densities reported for Ge or
GaAs films of this thickness grown at conventional MBE temperatures (200 - 550°C).
Optimization of the dislocation density by adjusting defect concentration, growth temperature
and buffer layer annealing temperature is underway.

Moreover, the IAMBE films containing point-like defects do not themselves act as sources of
dislocations and stacking faults. A simple model for the dislocation/point defect array
interaction suggests that the mechanism for the reduced mobility of misfit and threading
dislocations in the IAMBE-grown films is similar to solution hardening and precipitate
hardening mechanisms observed in hardened steel alloys.

In the upcoming quarter, we plan to begin growth of GaAs on relaxed Ge buffer films on Si,
and to assess their quality relative to GaAs/Si grown by conventional techniques. Efforts will
be devoted to improving the dislocation density in relaxed IAMBE Ge films to 108/cm? in thin
(<1 pm thick), low temperature-grown films (<600°C), in order to develop a GaAs/Si
heteroepitaxy process, which is truly compatible with Si VLSL

During the last quarter a cryopump was installed on our MBE system in order to improve the
pumping speed for water and hydrogen. Delivery of an electron cyclotron resonance (ECR) ion
source for ultra-low energy IAMBE experiments is scheduled for August 1991. (Harry A.
Atwater)

Nanometer-Scale Selective Growth of GaAs and InGaAs by OMVPE and Application to
Quantum Size Effect Semiconductor Lasers

There is currently great interest in the fabrication of structures that are two and three
dimensional analogs of the conventional quantum well. Several potential applications of arrays
of such structures have been proposed, including diode laser active layers and new nonlinear
optical materials. Key problems involved in successfully applying these structures in devices are
interface quality and abruptness, structural uniformity, and, for application to lasers, ability to
efficiently pump the structures without leakage effects dominating. Selective growth is a
potential candidate for fabricating highly uniform nanostructures and for providing extremely
good built-in current blocking capability which could be exploited in ultra-low threshold
conventional quantum-well laser diodes.

In order to perform nanometer-scale selective growth of GaAs using the special OMVPE
precursor diethylgallium chloride (DEGaCl), an OMVPE reactor located at the NASA Jet
Propulsion Laboratory has been allocated for modification to accommodate the DEGaCl
precursor. The layout for the necessary modifications has been designed. The DEGaCl source
and the necessary components for the modification, such as a mass flow controller, a
temperature controlled thermal bath, and various valves, have been purchased.

A novel phase-sensitive lock-in-amplifier-based spectrally-resolved cathodoluminescence
imaging system for analysis on nanometer scale structures at room, liquid nitrogen, and liquid
helium temperatures has been developed and tested. The performance of this novel imaging
system has been confirmed by analyzing GaAs, InGaAs, and AlGaAs materials grown by
conventional OMVPE and molecular beam epitaxy (MBE).




Thin film (200A) deposition and patterning processes for silicon nitride, the masking material
! § used in selective growth, have been calibrated and optimized. Silicon nitride layers have been
' l grown opr bulk GaAs and OMVPE growth substrates by plasma enhanced chemical vapor

deposition. Test patterns have been etched into the silicon nitride layers by conventional
photolithographic process followed by reactive ion etching in a CF, plasma.

The OMVPE ;eactor modifications necessary to accommodate the DEGaCl precursor will be
completed and safety tested. The new DEGaCI precursor will be installed and tested in the
OMVPE reactor. Crystalline quality of materials from the initia! GaAs growths at atmospheric
pressure using the DEGaCl precursor and arsine will be checked by spectrally-resolved

' cathodoluminescence analysis.

The effect of mask opening orientation on the morphology and faceting properties of selectively
grown GaAs structures will be investigated by scanning electron microscopy. AlGaAs barrier
layers grown by conventional OMVPE will be calibrated by spectrally-resolved
cathodoluminescencr analysis. And finally, selective growth of multiple layer GaAs-AlGaAs
heterostructures will be attempted. (Kerry J. Vahala)

Ultra~-low Threshold Semiconductor Lasers

To minimize the power consumption of semiconductor lasers to a level that is useful for large

, scale integrated optoelelectronic circuits, it is important to reduce the threshold current below

! 1 mA. Quantum well lasers have demonstrated an order of magnitude reduction in laser
threshold over bulk materials, with the best threshold currents at around 0.5 mA. Still,
theoretical considerations predict that a factor of 5 lower values should be achievable with
existing technology. A further reduction in laser threshold, by nearly a factor of 2, is predicted
when using a strained InGaAs quantum well active layer. To date we have measured threshold
currents as low as 0.75 mA (CW) in strained InGaAs/AlGaAs quantum well lasers.

From theoretical estimates and measurements on bulk laser material it can be shown that
semiconductor laser threshold currents can be reduced an order of magnitude by lowering the
operating temperature to 5 K. The ultimate threshold limit with existing devices will then fall
below 100 mA. In practical systems, this is easily achieved in spacecraft and antennas where
often other devices and circuitry are already at cryogenic temperatures.

We have studied the operation of ultra-low threshold current buried heterostructure (BH) GaAs
and strained InGaAs quantum well lasers from room temperature down to S K [1]. Our best
available devices had threshold currents of 4.5 mA (GaAs) and 1.1 mA (InGaAs) at room
temperature. We find that below 200 K the threshold decreases linearly with temperature for
both types of lasers [Figure 1]. We have measured a minimum threshold current of 120 mA (!)
for the GaAs laser and 165 mA for the InGaAs laser at 5 K. We notice a difference in slopes,
dlih/dT, between the InGaAs and GaAs lasers, with the GaAs threshold decreasing 2.5 times
faster with temperature. We have explained this difference by a simple model, which only takes
into account the lower valence band effective mass for the strained InGaAs material.

Although lower transparency current densities have been measured in our InGaAs materials, this
has not yet resulted in lower room temperature threshold currents in the final BH lasers. To
optimize these devices we are studying the trade-offs between available gain (i.e. number of

l {1] L.E. Eng, A. Sa'ar, T.R. Chen, I. Grave, N. Kuze, and A. Yariv " Microampere Operation
of GaAs and Strained InGaAs Quantum Well Lasers at Low Temperatures (5K)", Appl. Phys.
Lett. 58 (24), (1991).




quantum wells, gain per well), at a given current, and the required threshold gain ( mirror and
internal losses).

The lasers used for the low temperature measurements are not optimized devices at room
temperature. We intend to repeat the measurements with better devices and futher to
investigate carrier lifetimes and laser dynamics. (A. Yariv)

Massively Paralle]l Optical Networks

The demonstration of a massively optically interconnected parallel network critically depends on
the availability of a two-dimensioral array of optical switches, which provide the nonlinear
operation necessary to achieve the function of the network. This nonlinear operation can be
easily implemented in GaAs optoelectronic integrated circuits because variety of optical and
electronic devices can be monolithically integrated in GaAs. One version of the neurons
implemented in GaAs is using double-heterojunction bipolar transistors coupled with a light-
emitting diode (LED). Because of the high optical gains needed in these switches, these
transistors need to draw tremendous current in order to satisfy this requirement. Thus, heat
dissipation becomes a severe limitation in extending these switches to large arrays.
Consequently, alternative integration schemes based on metal-semiconductor field-effect
transistors (MESFETSs) are explored. In addition, a new circuit incorporating input and output
isolation is investigated. The results on these new neurons provide optimism towards
implementing these switches in large arrays. In this report, specific accomplishments in the
development of new optoelectronic integrated switches are presented, along with clear
statements of the tradeoffs for using bipolar transistors and MESFETs in implementing these
switches. It is hoped that through further research, the characteristics of the switches can be
improved and the density can be greatly increased.

The implementation of bipolar transistors in integrated optoelectronic switches involves
optimization of current gains in these transistors. For a typical bipolar transistor, its current, f,
is dependent upon the current through the transistor in a roughly square root fashion. Because
of the inherent optical losses due to the low diffraction efficiency in the optical interconnection
medium, these switches have to manifest large internal optical gains so that signals transmitted
from one plane to the next would not decay. Switches utilizing this design have shown an
overall optical gain of 20. However, the electrical power dissipation is about 100 mW/switch,
which severely limits the density of the array in the future if we are to continue using bipolar
transistors as the driver of LED in optoelectronic switching elements. For this reason,
MESFET-based integrated optoelectronic switches have been developed.

The schematic circuit diagram for the MESFET-based switches is shown in Fig. 1. This new
circuit is composed of an output circuit made of a MESFET driving the LED and an input
circuit, which incorporates a bipolar phototransistor as the light detector and another MESFET
as its active load. LEDs are chosen as the light source, as opposed to lasers, because no
threshold currents are needed to drive the LEDs so the. a large array of optoelectronic switches
at low currents can be built. With sufficient light incident on the phototransistor, the
phototransistor pulls up the voltage, Yo, which is also the gate voltage of the output driving
MESFET. This increase in this voltage turns on the output MESFET, and the current drawn by
the transistor drives the LED. The treshold of the switch can be electrically controlled by a
bias voltage, Vp, applied to the gate of the loading MESFET, which provides the reference
current to be compared with the photocurrent generated by the incident beam.
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Fig. 1 Schematic Circuit Diagram of an Optoelectronic Switch Incorporating MESFETS as the
Driver for the LED

This design has several advantages over the previous one. The most distinct advantage is the
employment of MESFETSs, which are voltage-driven devices, as opposed to bipolar transistors,
which are current-driven devices. Because of this difference, the gate voltage of the LED-
driving MESFET can be charged up by a separate switching circuit, which is totally isolated
from the main circuits, thus achieving a total input-output isolation. This can not be done in
bipolar transistors because the base current generated by the input beam is amplified directly to
drive the LED. Thus, th. input and the output are strongly coupled. Furthermore, the input
switching circuit that controls the output circuit can be separately optimized for its sensitivity
and switching characteristics. This may not be possible with bipolar transistors because the
same transistor that detects the lights is acting as a signal amplifier at the same time. Thus, the
superior properties of this circuit dramatically increase the flexibility on the design of the

; switch.

Fig. 2 shows the measured input-output characteristics of an optoelectronic switch. For *he
l curve, Vg = -3V, a differential optical gain of 6 has been measured in the switch, which is
¥ limited by the leakage currents across the gate-drain schottky diodes in both MESFETs as well
as the finite output conductances of the phototransistor and the loading MESFET. The leakage
current across the gate-drain in the loading MESFET also limits the minimum power needed to
l the turn on the switch to 3 uW. When characterized individually, the LED and the
phototransistor exhibit efficiencies of 0.01 W/A and 1 A/W, respectively. The
transconductances of the MESFET’s gy, is measured to be 20 mS/mm. The current through the
LED is about 1.2 mA, which implies, with Vpp = 2 V, the electrical power dissipation per
switch is about 2.4 mW. The rise time of the switch is measured to be 5 usec, and is found to
be limited by the charging of the capacitors in the circuits. With these results, the optical
switching energy per switch is thus calculated to be (2 pW) x (5 psec) =10 pJ. Though an
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optical gain of only 6 is obtained, the electrical power dissipation has Yeen reduced down to
only 2.4 mW/switch, which is impossible for switches that incorporate surface-emitting lasers as
light sources. This represents a factor of 55 reduction in power dissipation when compared to
the bipolar transistor switches. It is expected by further reducing the size of the transistors and
the leakare currents the optical gain will improve along with the reduction in the optical
switching energy and electrical power dissipation. These improvements are necessary if large
arrays of optoelectronic neurons are to be practically incorporated into a neural network system
in the future. (D. Psaltis)
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ABSTRACT

A dramatic progress in the development of high-quality vertical-cavity surface-emitting
lasers {(VC-SELs) has been achieved during the last coupie of years, with very strong contribu-
tions made by U.S. researchers. In particular, new concepts of microlasers and resonant-
periodic-gain devices have been proposed and implemented, and devices with strained-
quantum-well active regions have been demonstrated. This paper reviews the present status and
future prospects for (VC-SELs), with emphasis on recent developments in the U.S.

1. INTRODUCTION

Vertical-cavity surface-emitting lasers (VC-SELs) have a unique history of long and
rainstaking development by a single research group, in the atmosphere of prevailing skepticism
reigning in the semiconductor laser community. For over a decade since their invention in 1977,
development and studies of vertical-cavity surface-emitting lasers (VC-SELs) have been limited
to a single group at Tokyo Institute of Technology, led by Kenichi Iga [Iga 1988). The apparent
lack of interest in VC-SELs amongst semiconductor laser researchers was caused by notoriously
poor performance of those devices (high threshold currents, low efficiencies, no cw operation at
room temperature). For example, as recently as in 1988 the pulsed room-temperature threshold
current densities were ~30 times larger than the corresponding cw densities in edge emitting
lasers {Sakaguchi 1988). Until very recently, VC-SELs have not even been seriously considered
for any applications. This situation has changed dramatically over the last couple of years,
during which a startling progress in the development of high-quality VC-SELs has been
achieved. In this paper, we will examine the present status and future prospects for VC-SELs,
with emphasis on recent advances in the U.S. Parallel developments in Japan are described else-
where in this volume [Ogura 1991].

An important driving force behind the recent surge of interest in VC-SELs is a wide range
of potential applications for two-dimensional (2-D) laser arrays. While individual VC-SELs may
represent an alternative to existing edge-emitting lasers, they offer unique novel opportunities
when assembled into 2-D arrays. Compared to conventional arrays of grating surface emitters or
deflected-beam diode lasers, VC-SEL arrays offer the advantages of high pasking density,
larger emitting areas and consequently higher output power, unconstrained arrangement of
emitters, wafer-scale processing, inherent single-longitudinal-mode operation, and narrow
nearly-circular output beams that facilitate coupling to optical fibers or redirection and detec-

¢ Also with the Department of Electrical and Computer Engineering and the Department of
Physics and Astronomy, University of New Mexico.




tion in open-space systems. Compatibility with vertical stacking architecture allows to integrate
these arrays into more complex system. Moreover, large numbers of VC-SELs with each emitter
having a different wavelength can be integrated monolithically [Chang-Hasnain 1990b], {Chang-
Hasnain 1991]. These features render them ideal for many new applications, such as chip-to-
chip communications, free-space optical communications, optical recording, medicine, efc. Es-
pecially attractive are applications requiring high degree of parallelism, such as optical intercon-
nections, optical computing, image processing, and optical pattern recognition.

Replacement of electrical interconnections with optical devices has many potential advan-
tages such as high interconnection densities, high transmission speed, low power requirements,
low loss, low dispersion, low mutual interference, immunity to RFI, EMI, and EMP, and re-
duced impedance matching and groundplane requirements [Goodman 1984], [Feldman 1988}
Both free-space and guided-wave configurations can be used. The successful implementation of
optical interconnections in real systems largely depends, however, on the development of
suitable two-dimensional arrays of low cost, high speed, high packing density, reliable optical
sources that would operate at low driving currents and would deliver sufficient output power.

2. CLASSIFICATION OF VC-SEL STRUCTURES

Dramatic progress in VC-SELs over the last two years brought forth a variety of novel de-
vice structures. Conventional VC-SELs had bulk, double-heterostructure active regions. A
typical geometry of etched-well ring-contact cylindrical structure is shown in Fig. 1. Recent
development efforts concentrated on reducing the lasing threshold and/or increasing the maxi-
mum output power. Significant new concept was replacement of the bulk active region with
narrow (single- or multiple-quantum-well) layers in a carefully designed cavity such that the
position of the active layer would coincide with an antinode of laser radiation at a designed
wavelength of operation. VC-SELs with a single active region satisfying this resonant condition
are often called microlasers [Jewell 1989b], [Jewell 1990a] (see Fig. 2). A simple extension of the
microlaser concept leads to introduction of distributed-Bragg-reflector resonant-periodic-gain
(DBR-RPG) lasers [Raja 1989), [Corzine 1989b] (Fig. 3), in which multiple active regions are
separated by half-wave spacers. The most recent advance in RPG laser structures is a dis-
tributed-feedback resonant-periodic-gain (DFB-RPG) VC-SEL {[Mahbobzadeh 1990] (Fig. 4),
where an RPG active region is intercalated with the multilayer refiectors.

A characteristic feature of VC-SELs that distinguishes them from edge-emitting semicon-
ductor lasers is their small single-pass gain, reminiscent of gas lasers. As a direct consequence of
small gain, in order to avoid prohibitively high lasing threshold it is necessary to place the ac-
tive medium in a high-Q resonator. In today's state-of-the-art VC-SELs, this is almost invari-
ably achieved by providing a Bragg resonator consisting of a stack of high-reflectivity quarter-
wave layers on either side of the active medium,.

3. PROGRESS IN PERFORMANCE OF VC-SELS
1, Threshol

Due to extremely short length of the active medium, it is imperative to achieve very high
(close to unity) reflectivities of the mirrors defining the Fabry-Pérot resonator. Several concepts
were employed to reach that goal: quarter-wave dielectric multilayer reflectors [Zinkiewicz
1989), [Yoo 1990], quarter-wave semiconductor multilayer reflectors [Jewell 1989a], [Scherer
1989], metallic reflectors [Deppe 1989], [Yang 1990], [Schubert 1990}, [Tu 1990] and hybrid
mirrors, combining semiconductor and metallic reflectors [Schubert 1989]), [Fisher 1990] or
semiconductor and dielectric layers [Ho 1990a). The high reflectivity semiconductor mirror
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growth represents a significant technological challenge, since it requires a very good contro! of
each layer thickness and composition. Calculations indicate that changing the thickness in one
quarter-wave layer by only one unit cell (two monolayers) produces a shift of resonant wave-
length up to 0.12 nm [Weber 1990). In addition, rough interfaces reduce the reflectivity, intro-
duce scattering and diffraction loss, and deform the wavefront of the lasing mode. Advanced
crystal growth techniques, such as atomic layer epitaxy or phased-locked epitaxy [Walker 1990]
may be utilized to provide ultimate pertection and uniformity of DBR layers with high repro-
ducibility. Improved quality of interfaces can also be achieved by employing misoriented sub-
strates [Wang 1990b].

Over the last two years, lasing threshold of VC-SELs for room-temperature operation has
been reduced by orders of magnitude. The progress achieved in electrically pumped
GaAs/AlGaAs devices is illustrated in Tables I and Il for pulsed and cw operation, respec-
tively.

So far, there have been relatively few reports of temperature dependence of lasing thresh-
old. The characteristic temperature T for pulsed threshold, given in Table II, is comparable to
edge-emitting devices. However, as shown in Table 1V, Tg becomes significantly smaller for cw
operation. Large difference between pulsed and cw values of Tg indicates that strong tempera-
ture dependence of ¢w threshold in VC-SELs is primarily caused by thermal effects.

Optical pumping provides a convenient tool for studying VC-SEL structures. It can be used
to evaluate potential performance of novel designs prior to achieving electrical pumping. It is
worthwhile noting, however, that caution should be exercised when interpreting optical pumping
data. With optical pumping, the active region is defined simply by the spot size of the pump
beam, without any wafer processing. In electrically pumped structures, good confinement of
carriers in columnar devices is accompanied by increased surface recombination at side walls,
while planar structures suffer from current spreading. Hence, the threshold current density
estimated from optical pumping data [Jewell 1989b) may lead to overoptimistic conclusions.

Another point of caution when interpreting the optical pumping results is a considerable
uncertainty in evaluating the pump power actually absorbed in the active region. This somewhat
corresponds to difficulties in establishing the pumping current in the active region in the
presence of current spreading.

Tables V and VI contain data on room-temperature lasing threshold in optically pumped
VC-SELs under pulsed and ¢w conditions, respectively.

2 wer and efficien

In evaluating progress in YC-SELs with respect to output characteristics, we have selected
peak output power and overall power conversion efficiency as the main indicators. We have not
included the slope efficiency n4, since it can be made artificially high by reducing mirror re-
flectivities at the expense of increased threshold current. For example, nq can be increased from
~15% to 54% by reducing the Ag mirror thickness from 400 A to 300 A [Tu 1990]. However, in
the same instance, the pulsed threshold current density ji in 20-um diameter devices increases
from 13 to 19 kA/cm? (/u raising from 40 to 60 mA).

Tables VII and VIII contain data on output power and energy conversion efficiency for
electrically-pumped VC-SELs operating under pulsed and cw conditions, respectively. Optical
pumping results are summarized in Tables IX and X.
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Table I. Room Tempcerature Pulsed Threshold

jih (kAem?) | I (mA] | Vin (VI | tp ns] | np (%] | Size [um) Structure Reference
26 250 200 | o0.02 17) 3 pm DH-DBR [Zinkiewicz 1989]
0.6 um DH-DBR,
25 20 1.3 100 1 109 400 A Ag mirror [Tu 1990)
ivated 3x8 nm
A . 0 30 unpassy ) 8
18 1.3 15 s MQW strainod colemnar plaser [Jewell 1989c)
0.7 um DH-DBR

16 115 k] $50 rum Ag mirror {Deppe 1989]

15.3 12 102 0.5 pm DH-DBR [Fischer 1990]
0.25 um ion-implanted .

14.7 26 152 DH.DBR (Tai 198%9a]
20x15 nm GRINSCH-

14 16 200 2 120 MQW.DBR [Wang 1950a}

0.47 um DH-DBR
10.6 12 3.5 200 2 120 misoriented substrate [Wang 1990b)
10.4 130 200 0.02 0 0.6 um DH-DBR [Botez 1989]
ivated 3x8 nm
! 0 50 unpassiv Jewell 198
10.2 2 8 s MQW strained columnar plaser Uewell %]
unpassivated 10nm

5.6 1.1 90 50 SQW strained columnar plaser {Lee 1989)

32 32 | 42 | 100 2 10x10 38 nm MQW strained (Lee 1990}
ion-implanted plaser
unpassivaled 10 nm

2.3 45 90 502 SQW strained columnar plaser [Lee 1989]

1.9 7.5 10 300 0.3 20x20 3x8 rm MQW strained [Chang-Hasnain 1990a)

columnar plaser

1.4 10.2 150 1 00 4x10 nm MQW [Lee 1990b)

proton-implanted plaser
3x8 nm MQW proton- .

. 3.5 300 0.3 20x20 Chang-H 19908
1.28 s imp ined wlaser [Chang-Hasnain )]
1.22 6 400 0.2 b1~ strained laser [Yoo 1990b)

1.1 17 3 200 0.2 40%40 38 nm MQW proton- [Orenstcin 1990]

implanted strained plaser
sirained columnar
0.74 3 20%20 wlaser [Clausen 1950}
8 nm SQW strained
0.6 26.5 50 columnar plaser [Geels 1990a)

Jih - threshold current density
Iy - threshold current

Vih - threshold voltage

Ip - pulse length

fip - duty cycle

Table II. Characteristic Temperature To for Pulsed Operations

To (K] Range (*C] | Size {um] Structure Reference
4x10 nm MQW GRINSCH proton- .
R 1590
210 10-90 implanted g [Hasnain 1990]

To - characteristic temperature
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Table HIl. Room Temperature CW Threshold

jth (earem?) | npima) | vip v) | Size (um) Structure Reference
130 2.3 27 152 unpafnvucd Ix8 nm MQW Uewell 1990b]
strained columnar plaser
3.8 1 20 passivated 3x8 nm MQW Uewell 1990b]
strained columnar plaser
22.6 40 159 05 pum DH-DBR [Tai 19896}
metallic mirror
19.6 8 30 06 yum DH.DBR (Schubert 1990)
metallic mirror
9.4 24 1.8 182 0.6 jum DH.DBR [Schubert 1990)
9.4 1.5 4x4 2 um DH-DBR [Hsin 1990]
6.6 2.5 10 3x8 nm MQW strained {Jewell 1990b)
columnar plaser
10 nm SQW strained
6 1.5 5x5 columnar plaser Uewell 1990b)
41 0.8 5O passivated 3x8 nm MQW Uewell 1990b)
strained columnar plaser
3.6 3.6 3.7 10x10 3x8 nm MQW strained (Lee 1990a]
ion-implanted plaser
2.8 2.2 1.5 100 4x10 nm MQW peoton- Lee 1950b]
implanied laser
8 nm SQW strained
1.4 0.7 4 7x7 w,mm?m wlaser [Geels 1990b)
strained colurnnar
1.2 4.8 20x20 u plaser {Clausen 1990}
1.1 7.5 s 00 4x10 nm MQW proton- (Tell 1990]
u'npluLe_d plaser
8 nm SQW strained
0.8 1.1 4 12x12 columnar plaser (Geels 1950a]
Jth - threshold current density
It - threshold current
Vi - threshold voltage
Table IV. Characteristic Temperature Tg for CW Operation
To (K] Range [°C]) Size (um] Structure Reference
115 15-50 150 0.5 um DH-DBR - [Tai 1989b)
130 10-50 150 4X10III'I.MQW GRINSCH {Hasnain 1990]
proton-implanted plaser

To - characteristic temperature

4 N =

. anvention.al VC-SELs with thick active regions carry a potential for high-power opera-
tion, with the h.xgh_est reported pulsed output power of 120 mW emitted by devices with diame-
ter of 35 um {Zinkiewicz 1989]. The cw output is however considerably lower, with thermally
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limited light-output characteristics exhibiting a downward bend at output power levels near |
mW for etched-well devices [Tai 1989b].

As recently as two years ago, the pulsed room-temperature threshold current densities of
VC-SELs were ~30 times larger than the corresponding cw densities in edge emitting lasers
(Sakaguchi 1988]. The threshold in conventional VC-SELs remains, however, very high (about
10 kA/cm? [Botez 1989), [Schubert 1990), compared to less than 1 kA/cm? in GaAs/AlGaAs
edge emitters with similar bulk active regions), which indicates that thermal effects are still
critical.

Conventional planar VC-SELs have been successfully integrated into closely packed
phased-locked arrays [Deppe 1990}, [van der Ziel 1990]. However, the familiar double-lobed
far-field pattern that plagues the high-power edge-emitting phased arrays has been observed.
Hence, one of the major attractions of VC-SELs which is its circular narrow output beam is lost
when high-order 2-D supermodes are excited [Yoo 1990c]. It can be expected that achievement
of stable single-lobe far-field in 2-D arrays will represent a formidable challenge.

Table V. Room-Temperature Pulsed Threshold - Optical Pumping

P xXW/em?] | Py (mW) tp(nsl | mp %) ] Size (um] Structure Reference
50900 900* 0.01 0.08 1.5Q 1.6 ym DH-DBR [Jewell 1989a)
150x10 nm
1,600 1,250 12 100 MQW-DBR [Gourley 1987]
20x8 nm strained
820 410 0.01 0.08 82 MQW DBR {Husng 1989}
20x60 nm R
30 24 102 DBR-RPG {Corzine 19890}
6 20x10 nm hybrid
17.5 86 7 10 2359 DFB-DBR RPG [Schaus 1989}

Pth - threshold irradiance (absorbed)
Pih - threshold pump power (absorbed)
ip - pulse length

fp - duty cycle

* - incident irradiance and power

Table VI. Room-Temperature CW Threshold - Optical Pumping

P m[kW/cmz] Pth (mW] | Size [(jum] Structure Reference
8 nm SQW strained
0.7 1.5 00 ulaser {Jewell 1989b})

Pth - threshold irmadiance (absorbed)
Py, - threshold pump power (sbsorbed)
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Table VII. Room Temperature Pulsed Output Characteristics

p (kWicm?] | Pmax (mW] | 5 [mWmA, %] | 1p [ns) np[%] | Size [um) Structure Reference
12x12 8 am SQW strained
0.28 0.4 500 x1 colomnar laser (Geels 1990a]
8 nm SQW strained
0.57 25 52 columnar plaser (Geels 1990a]
strained columnar
0.75 3 0.16, 12 20%20 ulaser [Clausen 1990]
0.6 un DH-DBR,
1.4 4.5 0.07, 5.0 100 1 200 3000 A Ag mirror [Tu 1990]
strained columnar
2.7 2.2 0.12, 9.4 9x9 plaser [Clausen 1990}
20x1S nm
2.7 3 007, 5.1 200 2 122 GRINSCH.MOW-DER [Wang 1990a)
2.8 45 0.07, 5.2 200 0.2 40x40  3x8 nm MQW proton {Orenstein 1990]
implanted strained plaser
0.47 ym DH-DBR
5.3 6 0.12, 8.3 200 2 120 misoriented substrate [Wang1990b]
12.5 120 0.11, 7.8 200 0.02 359 3 um DH-DBR {Zinkiewicz 1989]
0.6 um DH-DBR
4 i1 0.14, 9. 100 1 100 1990
! 14. 98 400 A AG mirror Tu 1950]
46.7 18 10 3x8 nm MQW surained Uewell 1990b)
columnar plaser

p - power density

Pmax - maximum power
n - overall efficiency

Ip - pulse length

Np- duty cycle

Table ViIl. Room Temperature CW Output Characteristics

pkWiem?) | Pmax (mW] | n{mWmA, %] | Size (um] Structure Reference
0.31 0.55 0.10, 6.9 15 | x10mm GRINSCHproten- |y, i 1990)
implanted plaser
0.45 3.2 0.12, 8.3 3@ | ¢x10nm GRIN-SCH proton- [Tell 1990)
implanted jplaser
0.5 pm etched-well .
0.68 1.2 0.02, 1.2 150 DH-DBR (Tai 1989
0.70 0.7 0.06 10x10 3x8 nm MQW strained (Lee 1990a]
ion-impanted plaser
4x10 nm MQW proton-
0.76 6 0.11, 7.4 100 1990b
0 1 . ul {Lee )|
0.78 0.3 0.05, 3.9 10 3x8 ran MQW strained (Tewell 1990b]
columnar ulaser
4x10 nm GRIN-SCH proton-
. 1.5 0.21, 14, 102 11 1990
1-91 2 5 implanted jilaser (Te )

p - power density
Prmax - maximum power
n - overall efficiency
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Tablc IX. Room-Temperature Pulsed Ouput Characicristics - Optical Pumping

p kWiemd] | PraxmW) | (%} | tpins) | np(%) | Sizeipm) Structure Reference
20x10 nm hybrid
12.4 61 6.1 7 108 2592 DFB-DBRthG {Schaus 1989)

p - output power deasity
Pmax - maximum power
n - overall efficiency

Ip - pulse length

Tip - duty cycde

Table X. Room-Temperature CW Output Characteristics - Optical Pumping

p xWiom?] | Pmax {mW] | n(%] | Size [um) Structure Reference

56 40 36 102 60x10 nm DBR RPG [Gourley 1989a)

p - output power density
Prmax - maximum power
n - overall efficiency

3. PERFORMANCE OF MICROQLASER VC-SELs

Strong interest in microlaser structures is to a large extent propelled by their relatively easy
electrical pumping and capability of operating at low current levels. Originally, microlasers were
fabricated in form of etched columns with side walls exposed to external environment. While
this approach produces spectacular images [Lee 1989] and allows for a million of microlasers to
be processed on a single wafer [Jewell 1990a}, it is certainly not optimal from the point of view
of reducing the threshold. In addition to very inefficient heat dissipation, surface recombination
introduces a significant loss mechanism for structures of very small volume. In order to protect
the etched columns from negative ambient influence, a buried-mesa geometry was proposed
[Geels 1990a}, in which the exposed surface is covered with polyimide (Fig. 5). Further im-
provement of device quality supplemented by a simplified fabrication process occurred with in-
troduction of planar ion-implanted microlasers (Fig. 6) [Tai 1989a), [Tell 1990].

If the active region consists of a strained InGaAs/GaAs quantum well which radiates at a
longer wavelength than GaAs, the output beam can be conveniently collected through a GaAs
substrate without any necessity to etch a window. By the same token, reabsorption of laser
emission in GaAs layers forming part of distributed Bragg reflectors can be greatly reduced.

Electrically pumped VC-SELs often suffer from .ncreased threshold voltages caused by
high series resistance of DBR reflectors, especially in the p-type doping case. Special precau-
tions need to be taken to reduce excessive voltage drop at interfaces. An effective way to re-
duce height of barriers formed at abrupt interfaces is to utilize either short-period superlattices
with gradually changing composition [Geels 1990a], {Tai 1990a] or "staircase® DBRs with addi-
tional intermediate bandgap layers [Tai 1990a]). The specific series resistance of conventional 10-
period p-type GaAs/Alg7GapsAs DBRs (~7x10-% flcm?) can be reduced by as much as two or-
ders of magnitude by introducing staircase DBRs (6.2x10-5 flcm?) or superlattice DBRs (8.5x10-%
icm?) [Tai 1990a]. Even though peak reflectivity of staircase or superlattice DBRs is slightly re-
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duced compared to quarter-wave DBRs, it is clear that even with one or two extra periods com-
pensating for smaller reflectivity the series resistance will still remain very low, Staircase p-type
DBRs have helped to reduce threshold voltages in gain-guided proton-implanted microlasers
from 7-8 V to 3.7-4.2 V [Lee 1990c].

The highest reported c¢w output power from planar microlasers is [.5 mW for [0-ym
diameter GaAs/AlGaAs devices with four-quantum-well active region and over 3 mW for 30-
um diameter devices [Tell 1990]. It is important to note that although the emitting surface was
increased ninefold, only twofold increase of the output power was achieved. This is a clear in-
dication that the cw output was thermally limited and that the thermal problems deteriorate
with increasing device diameter. The highest reported output power from columnar microlasers
does not exceed 300 uW for a 7-pm diameter device with strained quantum well InGaAs/
AlGaAs active region [Jewell 1990b].

Suitability of microlasers for fiber-optic applications has been demonstrated. Two-dimen-
sional Gaussian-like transverse mode far field allow for much more efficient coupling into op-
tical fibers than for conventional edge-emitting lasers. 50% butt coupling efficiency was mea-
sured for 8-um core standard silica fibers with flat cleaved ends, and as much as 90% was
achieved for fibers with etched lens-like ends [Tai 1990b]. This is the highest coupling effi-
ciency ever reported for any diode laser. The best results obtained for edge-emitting lasers are
in the range of 40-50% [Hillerich 1988]. Single-wavelength output with more than 50 dB side
mode suppression ratio (again the highest ever reported), combined with 3-dB bandwidth ex-
ceeding 5 GHz [Hasnain 1990] clearly show that microlasers have reached the level of perfor-
mance sufficient for first optical communication experiments to be attempted.

Coherent two-dimensional arrays of microlasers have been fabricated. Provided the size of
individual emitters and their separation is sufficiently small, it is possible to maintain strong
optical coupling between array elements. A phase-locked array comprised of 160 columnar mi-
crolasers of 1.3-um diameter separated by less than 0.1 pm has been demonstrated [Yoo 1990a].

PER ANCE OF VC-SEL

In parallel to microlasers, resonant-periodic-gain (RPG) structures have been pursued
[Geels 1988], [Raja 1988a], {[Raja 1988b], [Raja 1988c]. Both designs achieve gain enhancement
in the vertical direction by aligning the active regions with the maxima of the longitudinal
mode pattern at the designed wavelength, thus avoiding pumping the regions around the nulls of
the standing wave. By the same token emission at non-resonant wavelengths is suppressed, and
parasitic amplified spontaneous emission is reduced. Compared to microlasers, RPG structures
carry a promise of generating higher output powers, by virtue of extended thickness of the ac-
tive material. The alignment of peaks of an optical standing wave with quantum-well active
layers leads to a significant reduction of the threshold current and additional enhancement of
the maximum output power,

For VC-SELs, the total thickness of the device is of primary concern, since apart from is-
sues of technological complexity and cost it also affects the ability to pump uniformly the de-
vice. First RPG structures were all of DBR type (see Fig. 3), with the total thickness signifi-
cantly larger than the microlaser. Remarkable reduction of RPG laser thickness can be achieved
by introducing, in analogy with edge-emitting lasers, a DFB-RPG structure [Mahbobzadeh
1990), shown in Fig. 4. The length of a DFB-type structure is inherently shorter than that of a
DBR device with the same reflectivity of multilayer high reflector, because the amplifying and
feedback sections overlap in the former structure whereas they are separated in the latter one.
By replacing the DBR-RPG design with DFB-RPG, the total thickness of the device can be al-
most halved without compromising the characteristic features of RPG active medium. Compared
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to present DBR-RPG structures, the DFB-RPG devices offer the advantages of consiuerably
simpler fabrication process, improved wavelength selectivity, and strong discrimination against
excitation of satellite longitudinal modes.

A slight modification of the structure shown in Fig. 4 results in a version of DFB-RPG
VC-SEL that resembles a microlaser structure, Extending the length of the phase shifter to a
full wave and placing an addii.onal active layer in its center produces a microresonator sand-
wiched between two DFB sections, as indicated in Fig. 7. Compared to a usual microlaser
structure, considerably higher output power can be obtained from the DFB-RPG laser, without
any penalty whatsoever in the total device thickness. It should be noted, however, that the
DFB-RPG structure of Fig. 4 is preferable to that of Fig. 7, since the latter contains one
quantum well (symmetric quantum well in the center of the phase shifter) that is different from
all the remaining ones.

So far, most experiments with RPG lasers involved optical pumping techniques. However,
in order for these devices to reach their full application potential, it is necessary to develop an
electrical pumping scheme. The substantial thickness of the RPG active region makes it very
difficult to adopt the usual vertical pumping configuration without incurring a substantial
penalty in threshold due to a non-uniform and inefficient carrier injection. On the other hand,
transverse-junction pumping schemes do seem to represent a better approach in that long injec-
tion paths can be avoided and parasitic pumping of Bragg reflectors can be eliminated. In fact,
the very first electrically pumped quasi-cw room-temperature overation of an RPG laser was
recently achieved by using the transverse-junction approach [Schaus 1991].

While a strained-quantum-well active region is attractive for microlasers, incorporation of
strained-layer materials in the RPG structures [Gourley 1989b] still represents a significant
technological challenge. Due to multiplicity of active layers their cumulative thickness may
easily exceed the critical thickness for dislocation-free accommodation of strain, leading to a
metastable configuration.

1. THERMAL EFFECTS

Excessive heating of surface-emitting ‘asers represents a major impediment preventing
further increase of their output power and development of densely-packed two-dimensional
arrays. Thermal power densities generated inside the active region of VC-SELs are extremely
high [Nakwaski 1991b). This leads to a substantial increase of temperature and a corresponding
increase in the threshold current density. The fact that the first room-temperature cw operation
of VC-SELs was only reported two years ago [Ibaraki 1989], {Koyama ]989b] is mainly due to
difficulties with overcoming the heating problems. The active-region temperature of the VC-
SELs at threshold of cw operation has been estimated to be 25-30 °C higher than that of the
substrate [Tai 1989b]). In contrast, the active-region heating near threshold in edge-emitting
stripe lasers does not typically exceed 2-5 °C [Duda 1979], {Yano 1981}, [Ito 1981}, [Manning
1981]. Efficient heat dissipation, along with ultra-low tireshold, is therefore critical for
applications requiring massive integration. In addition, since the operating lifetime of the device
decreases exponentially with temperature, it is essential to design lasers with consistently low
self -heating.

Thermal problems will be even more pressing in arrays of VC-SELs, where long-range
thermal cross-talk will have to be avoided. As the technologv of surface-emitting lasers matures,
optimization of their thermal properties will represent a major task to be solved in order to
meet the requirements of massive integration necessary for optical processing applications.

In spite of their importance for individual device performance, large-scale integration ca-
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pabilities, and device reliability, thermal effects in VC-SELs received very little attention so
far. The complexity of thermal problems in VC-SELs may be at least partially responsible for
this. In contrast to edge-emitting diode lasers, where nonradiative recombination of charge car-
riers in the active region is a strongly dominant heat source, surface-emitting lasers have a
much more complicated distribution of heat sources. In addition, analytical description of heat
flux spreading in a cylindrically symmetric siructure is more complicated than in a rectangular
edge-emitting structure., Consequently, self-consistent solution of the thermal problem in a VC-
SEL represents a difficult computational task.

Early attempts to address thermal problems in VC-SELs involved rather crude approxima-
tions. Kinoshita et al. [Kinoshita 1987} assumed a uniform heat source distribution in the active
region and neglected the Joule heating, which in VC-SELs plays a much more important role
than in edge emitters. Baets [Baets 1988) treated heat-spreading as one-dimensional, in addition
to uniform distribution of heat sources. These deficiencies have been removed in a recent com-
prehensive treatment of thermal effects in etched-well vertical-cavity surface-emitting lasers,
featuring realistic distribution of heat sources and two-dimensional analysis of both current and
heat spreading [Nakwaski 1991b]. Fig. 8 illustrates inaccuracies in predicted temperature profiles
that arise when unrealistic assumptions are made. Particularly inadequate is the one-dimensional
treatment of [Baets 1988), strongly exaggerating thermal problems by neglecting the lateral heat
spreading, which in structures of cylindrical symmetry is of critical importance. This results in
errors as high as 220% in predicted temperature distribution in the active region [Nakwaski
1991a). It is also shown in [Nakwaski 1991b] that by simple technological means it is possible to
ease severity of heating effects.

Although in principle excessive heating should be avoided, it is worthwhile mentioning that
thermal effects in YC-SELs are not always detrimental. In particular, increased temperature in
the active region produces thermal waveguiding eitfect [Nakwaski 1991b] which may be respon-
sible for reduced cw threshold currents in gain-guided proton-implanted microlasers [Lee
1990¢]. Pulsed thresholds over two times higher than in ¢w conditions were reported [Hasnain
1990].

Most YC-SEL structures exhibit increasing threshold current densities when device diame-
ter is reduced below, say, 30 um. Large diameter lasers experience smaller losses due to diffrac-
tion and diffusion, which results in lewer thresholds. However, when the diameter is too large,
the heating problems become more important, since the heat dissipation becomes essentially
one-dimensional. There is, therefore, a trade-off between reducing losses and maintaining effi-
cient heat sinking, which leads to optimal device size.

8. FUTURE PROSPECTS AND CONCLUSIONS

From an energy standpoint, replacing electrical interconnections with optical elements
should in general reduce the total operating energy for communications over all but the shortest
intrachip distances [Miller 1989]. Small arrays of VC-SELs should therefore be able to accom-
plish high-speed communication between electronic chips. Arrays of laser-based logic gates may
be used for photonic switching in communication networks or for digital or neural computing.
In all of these applications, it is essential to minimize the threshold current for lasing operation.
To compete successfully against either electronic interconnections or optical modulators, the
energy consumed by the laser per bit of transmitted information should compare favorably to
energy requirements of the other sources. This translates to thresholds on the order of 100 uA
[Jewell 1990a].

The lowest YC-SEL room-temperature cw threshold current reported to date is 0.7 mA for
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a 7-pum square microlaser [Geels 1990b]. This compares very well with the lowect threshold in
edge-emitting lasers (0.55 mA), achieved by optimizing a GRIN-SCH (graded-index separate
confinement heterostructure) structure containing a single quantum well active region [Lau
1988]. Further progress should be possible, and the goal of 100 uA seems to be quite realistic.
Improved passivation of sidewalls in columnar microlasers is expected to reduce threshold cur-
rent in 1-um diameter devices to less than 10 pA [Jewell 1990b].

The lowest cw threshold current density (800 A/cm?) [Geels 1990a) reported for micro-
cavity VC-SELs with strained quantum well active regions is still six times higher than the best
result obtained in long-cavity edge-emitting structures (120 A/cm? [Chen 1990]). In addition,
these low values of microlaser threshold current densities have been obtained solely for rela-
tively broad-area emitters (~150 um?2), while rapid increase of threshold was observed for small-
area (<100 uym?) devices. Further improvement in reducing the threshold current density will re-
quire very good quality of DBR mirrors with reflectivities exceeding 99% combined with sup-
pressed nonradiative surface recombination in columnar microlasers or minimized current
spreading in planar structures.

The microlaser structure, in which the active region coincides with an antinode of the
lasing mode, has the advantage of very low threshold at the expense of small output power. On
the other hand, resonant-periodic-gain (RPG) VC-SELs with multiple active regions offer im-
pressively high output powers and high efficiencies. Consequently, the RPG devices represent a
promising source for high-performance parallel networks with large numbers of processing ele-
ments, where the optical power requirements become more stringent. Another attractive area of
applications for high-power VC-SELs is optical recording.

Possibility of photonic bandgaps in structures with three-dimensional periodicity
{Yablonovitch 1987] represents a major attraction for VC-SELs since it implies effective inhibi-
tion of undesirable spontaneous emission. However, theoretical understanding of photonic
bandgaps needs to be improved before such concept could be seriously entertained for semicon-
ductor lasers. It has been recently shown [Leung 1990}, [Zhang 1990], [Ho 1990b] that when the
vector nature of the electromagnetic field is included in the analysis of fcc structures, the gaps
obtained in scalar calculations disappear. At this point, it is not yet clear what conditions need
to be satisfied in order to obtain the photonics bandgaps.

In summary, vertical-cavity surface-emitting semiconductor lasers are now at the stage of
dynamic development. Their architecture is ideal for many novel applications. At a low-power
end, such as interchip communication, microresonator VC-SELs with a single quantum well ac-
tive region are the sources of choice. At a high-power end, corresponding for example to mas-
sively parallel interconnects or optical recording, highly-efficient resonant-periodic-gain struc-
tures with multiple active regions offer the best prospects. Among the most recent advance-
ments, a novel DFB-RPG structure for vertical-cavity surface-emitting lasers seems particularly
promising.
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Thermal Properties of Etched-Well Surface-Emitting
Semiconductor Lasers

Wlodzimierz Nakwaski and Marek Osifiski, Senior Member, IEEE

Abstract—A new comprehensive two-dimensional model for
analysis of thermal effects in etched-well vertical-cavity sur-
face-emitting lasers is presented. Self-consistency between elec-
trical and thermal processes is achieved. Joule heating is shown
to play a key role in thermal behavior of these devices. Sub-
stantial mismatch between current density and optical field
profiles can be remedied by proper doping of top cladding layer.
A simple way to control the sign and strength of thermal wave-
guiding is suggested. Consequences for large-scale two-dimen-
sional integration are indicated.

1. INTRODUCTION

ECENT progress in vertical-cavity surface-emitting

semiconductor lasers (VC-SEL’s) {1]-[3], and espe-
cially the achievement of CW room-temperature opera-
tion, brings us closer to a prospect for high-efficiency two-
dimensional surface-emitting laser arrays [4], [5]. Due to
their unique features combining high power capabilities
with narrow, nearly circular beams and single-longitudi-
nal-mode operation, such devices are expected to find a
wide range of applications as sources for optical intercon-
nections in highly parallel architectures, image process-
ing, optical pattern recognition, free-space optical com-
munications, medicine, etc.

Thermal problems played a significant role since the
very beginnings of semiconductor laser history. Failure
of early diode lasers to operate CW at room temperature
was associated with excessive device heating caused by
high threshold current densities. Development of hetero-
structure lasers has reduced significantly the threshold,
which in tum relaxed the severity of thermal effects in
those devices. This, however, was not the case of verti-
cal-cavity surface emitting lasers (VC-SEL’s) where, as
recently as 1988, the pulsed room-temperature threshold
current densities were ~ 30 times larger than the corre-
sponding CW densities in edge emitting lasers [6]. Ex-
tremely strong heating induced by such high current den-
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sities was responsible for difficulties in achieving a CW
room temperature operation of VC-SEL’s with bulk ac-
tive regions that could not be overcome until very recently
(71, [8). The threshold in these devices remains, however,
very high (about 10 kA /cm?® [9)-[12], compared to less
than 1 kA /cm? in GaAs-AlGaAs edge emitters with sim-
i' -r bulk active regions), which indicates that thermal ef-
~ :ts are still critical.

It should be noted that significantly lower threshold
current density ( ~ 1 kA /cm? {13}, [14]) was reported re-
cently for microcavity VC-SEL’s with strained quantum
well active regions, although it still remains an order of
magnitude higher than in cormresponding edge-emitting
structures (120 A /cm? [15]). These low values of micro-
laser threshold current densities, however, have been ob-
tained solely for relatively broad-a-ea emitters (150-1600
um?), while rapid increase of threshold was observed for
small-area (< 100 um?) devices.

Thermal properties of surface-emitting lasers represent
a major obstacle on the way toward development of
densely packed two-dimensional arrays. Thermal power
densities generated inside the active region are extremely
high [16], [17]). This leads to a substantial increase of
temperature and a corresponding increase in the threshold
current density. The active-region temperature of the VC-
SEL’s at threshold of CW operation has been estimated
to be 25-30°C higher than that of the substrate [18]. In
cantrast, in edge-emitting stripe lasers, the active-region
heating near threshold typically does not exceed 2-5°C
[19]-[22]. Efficient heat dissipation, along with ultralow
threshold, is therefore critical for applications requiring
massive integration. In addition, since the operating life-
time of the device decreases exponentially with tempera-
ture, it is essential to design lasers with consistently low
self-heating. These problems will be even more pressing
in arrays of VC-SEL’s, and should be addressed early
enough to avoid a bottleneck in their development.

In spite of their importance for individual device per-
formance, large-scale integration capabilities and device
reliability, thermal effects in VC-SEL's have received
very little attention so far. The complexity of thermal
problems in VC-SEL’s may be at least partially respon-
sible for this. In contrast to edge-emitting diode lasers,
where nonradiative recombination of charge carriers in the
active region is a strongly dominant heat source, surface-
emitting lasers have a much more complicated distribu-
tion of heat sources. In addition, analytical description of
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heat flux spreading in a cylindrically symmetric structure
is more complicated than in a planar structure. To the best
of our knowledge, so far only two attempts to consider
thermal properties of single-device VC-SEL's have been
made [16], [23]. As demonstrated in Section IV, these
models lead to considerable errors in predicted tempera-
ture distribution in the device.

In this paper, we formulate a comprehensive thermal
model of a VC-SEL which accounts for two-dimensional
current and heat spreading, and apply it to analyze a typ-
ical ring-contact etched-well structure. The following heat
sources are included: nonradiative recombination and
reabsorption of spontaneous emission in the active region,
Joule heating in cladding layers, and contact heating.
Temperature dependence of thermal conductivity, inter-
nal efficiencies of spontaneous and stimulated radiative
recombination, and threshold current is accounted for self-
consistently by an iterative approach.

In the following, a general description of the thermal
model of VC-SEL's is presented in Section II. Brief com-
parison to earlier thermal models of VC-SEL'’s is given,
and their inaccuracy is demonstrated. Details of the model
specific to the structure under consideration are discussed
in Section III. Section IV contains results of numerical
calculations and their discussion. Dominant heat sources
are identified, problems with overlap between the optical
field and gain profiles are signaled, and strong thermal
antiguiding is predicted. Simple technological solutions
to overcome these difficulties are suggested. The impor-
tance of thermal effects for two-dimensional densely
packed arrays is demonstrated.

I1. ThHeERMAL MoODEL oF VC-SEL's—GENERAL
DESCRIPTION

The basic thermal model of VC-SEL's is composed of
three parts: an analytical description of two-dimensional
current spreading phenomenon which determines the dis-
tribution of heat sources, an equivalent electrical circuit
modeling of two-dimensional heat-flux spreading, and
calculation of the temperature profiles. Since a nonuni-
form thermal profile affects material and device parame-
ters used in the current- and heat-spreading calculations,
the whole process described above has to be repeated until
self-consistency is reached. The self-consistent thermal-
electrical solution can only be obtained numerically.

Fig. 1 illustrates the flow chart of calculations leading
to both nonself-consistent and self-consistent solutions.
The self-consistency criterion consists in requiring that the
temperature profiles obtained in two consecutive loops be
matched within a prescribed accuracy (better than 1%).
in the calculations, we take into account the temperature
dependence of the following parameters: thermal conduc-
tivities, diode parameter 8, threshold current, and internal
efficiencies (see Section III).

A. Current Spreading
Current spreading analysis is of primary significance
for description of thermal phenomena in VC-SEL's, since
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Fig. 1. Flow chan of calculations.

it is directly related to both Joule and active layer heating.
Earlier thermal models of VC-SEL’s {16], [23] com-
pletely neglected any inhomogeneities in current or car-
rier distributions. In this work, two-dimensional current
spreading will be considered. It will be shown in Section
IV that the current density does indeed vary significantly
within the active region, which confirms that at least for
etched-well VC-SEL’s, homogeneous distribution of cur-
rent and heat sources is not a good approximation.

The analysis of current spreading evidently depends on
details of a particular device structure, and will therefore
be discussed more thoroughly in Section III.

B. Heat Source Distribution

Distribution of heat sources in VC-SEL’s is consider-
ably more complicated than in edge-emitting lasers. In the
latter case, the nonradiative recombination in the active
region is a dominant heat source, and all other sources
present in the device can be omitted (see, e.g., [24]). As
shown in Section IV, the relative importance of various
heat sources in VC-SEL’s strongly depends on the pump-
ing current.

Further details regarding distribution of heat sources in
a particular device structure will be given in Section III.

C. Heat Flux Spreading and Temperature Profiles

The heat flux spreading is analyzed using an analogy
between electrical and thermal phenomena. The structure
is transformed into a network of elementary resistors, and
the heat generation processes are replaced by elementary
current sources. Standard methods of the electrical cir-
cuits theory can then be applied, as discussed in more de-
tail in Section III.

For a given distribution of heat sources, the tempera-
ture profiles are found using the Green function method.
Temperature dependence of thermal conductivity is taken
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TABLE 1
CompPARisON T0 PrEVIOUS MODELS OF VC-SEL's
Kinoshita
etal. [23) Baets {16) This Work
Current spreading ignored ignored considered
Nonradiative recombination uniform uniform nonuniform
Joule heating ignored uniform nonuniform
Heat spreading 2-D 1-D 2D
Temperature-dependent
thermal conductivity ignored ignored considered
Electrical-thermal
self-consistency ignored ignored considered

into account in a relatively simple manner by applying the
Kirchhoff transformation.

D. Comparison to Previous Thermal Models of
VC-SEL's

Major differences between the present model and those
used earlier to describe thermal properties of VC-SEL’s
{16], [23] are highlighted in Table L.

Both previous models completely ignore the two-di-
mensional (2-D) current-spreading phenomenon, and
consequently the heat sources within the active region and
within the adjacent passive layers have uniform radial dis-
tribution. Our results (see Section 1V) indicate that the
heat flux density may vary considerably between the cen-
ter and the edges of the active region, demonstrating that
the assumption of uniform current flow is too crude. In
addition, Baets [16] applied an oversimplified one-dimen-
sional (1-D) approach to the heat-spreading phenomenon.

Kinoshita er al. [23] underestimate the Joule heating,
even though, as shown in Section 1V, its relative impor-
tance is comparable to (and often greater than) that of the
active region heating. Baets [16] does consider the Joule
heating, however, his assumption of its uniform distri-
bution is even less accurate than in the case of active re-
gion heating.

Both earlier models also ignore the temperature depen-
dence of thermal conductivity and do not attempt to
achieve any self-consistency between electrical and ther-
mal distributions.

We will show in Section IV that the approximations
made in carlier models lead to either a significant under-
estimate [23] or overestimate {16] of the active-region
temperature increase.

IN. THERMAL MoDEL ofF ETcHED-WELL VC-SEL's

Virtually all of the phenomena discussed in Section I1—
such as the current spreading, distribution of heat sources,
and heat flux spreading—strongly depend on structural
details of the device. Therefore, before proceeding any
further with a description of the thermal model, we need
to specify the VC-SEL structure to be considered. Since
previous thermal models [16), [23] dealt with etched-well
circular VC-SEL's, we will focus our attention on a sim-
ilar structure shown in Fig. 2, corresponding to a VC-

ected well i
\ contact
-1 L substrase
$i0,/T0,
output
mirror
= 0-GaAs
active region N-Al Gag A8y
[ poeas
P-Aly GagAs —4— n-GaAs

P-Al, GagohAs pGare
oxide
Fm b AwZn contact
In soldes

Cu heat sink I /
o

$10,/Ti0; /510, /A0 mirror "o
Regionl  Region I

Fig. 2. Schematic structure of an etched-well ring-electrode VC-SEL
mounted p-side down.

SEL for which successful room-temperature CW opera-
tion was reported [7]. This choice will facilitate compar-
ison to the earlier thermal models of VC-SEL's.

A. Current Spreading

The most significant current spreading in the ring-con-
tact etched-well VC-SEL structure of Fig. 2 takes place
between the substrate and the active region. In the anal-
ysis of this process, we will assume the following:

1) the n-GaAs-N-Al, ;Gag ;As interface is equipoten-
tial;

2) the radial current component in the N-Alg 3Gag 7As
layer is neglected for r > r,, where r, is the radius of
etched well;

3) the radial current component in the active region (r
< r,) is neglected; and

4) the active region-P-Alj ;Gag ;As interface is equi-
potential.

With these assumptions, the current continuity and
Ohm’s law lead to the following equations:

a) regionl (r < r,)

‘%r‘_’? = 2x1j,0(1) M

g? _ ’%"_) R @
b) region Il (r > r,)

D et ®

_dl;ir) - '_'2:‘_:) R? @

where /,,, I,,, R, and R stand for radial current com-
ponents and sheet resistances in the N-Alj ;Gag ,As clad-
ding layer and in the passive p-GaAs region adjacent to
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the active region, respectively. j,, is the current density
through the p-GaAs-N-Al; ;Gag ;As interface, which is
related to the voltage drop U at the p-N junction by the
well-known equation

Jmlr) = jo exp [BU(N)}, &)
where jg is the reverse saturation current density and
e
mky T

Here e is the electron charge, kg is the Boltzmann con-
stant, and m is a quality factor (m = 2 for GaAs-AlGaAs
junctions [25]).

Equations (1)-(4) have to be complemented by bound-
ary conditions

B = (6)

1,0 =0, 0
1,,() = 0. 8

The problem described by (1)-(8) has been solved ana-
lytically by Bugajski and Kontkiewicz [26], with the so-
lution given by

[ Ler + /L)

20I0 + Il — PR T
Jm = Ipri0l = Iy /U = 1] ©
x{r’ = rlll = Ig/Ur - 1)1}
\ forr=r,
2 ’?.(’Bn/ln)
Ui+ 8 In ri(0 + Ig, /i) — 12
forr < r,
() = | (10)
ll ’i’ap“ = Iy /Uy = 1)
B " jor{r’ — F211 = In /U7y — 11}
\ forr2r,
with
8x
Iy, = Ek?i (1
8z
RPI, [Srlr(kﬁ” - R + BR;”R‘.”I%]'/’
IA = P’) _ R?) - B(”’z) - m)))z
(13)
U‘ - l ln ,_“(_I.M (14)

B Jo¥ry

where [; stands for the total pumping current.
The current density j(r) lowing through the P-Aly,
Gag 1As layer is approximated to have the same radial
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profile as j.(r). The p-contact current density is assumed
to change as 1 /r.

B. Heat Source Distribution

Distribution of the major heat sources within an etched-
well VC-SEL structure is schematically shown in Fig. 3.

The active region heating, by far the most important
heat source in edge-emitting lasers, remains one of the
dominant thermal processes in VC-SEL’s. Neglecting any
nonuniformities along the z direction, the heat density
distribution can be obtained by considering nonradiative
recombination and absorption of spontaneous radiation in
the active region {27], which leads to

U A = nefy)
ga - d

* {IaD) + Ujpnl®) = M1 A = 1)}
(W /em’] as)

where 2, and », are internal quantum efficiencies of spon-
taneous and stimulated emission, respectively, £, is a fac-
tor accounting for escape of spontaneous light from the
active region [28], and j,(T) is an adjusted threshold cur-
rent density which takes into account an increase of tem-
perature inside the active region. The threshold current
density is assumed to constitute a constant fraction of the
total current density in the whole active region. The tem-
perature dependence of the threshold is described by the
familiar Arrhenius-type relation:

Jn(T) = ju(300) exp {(T — 300}/ Ty}, (16)

with temperature expressed in Kelvin. Note that j,,(300)
corresponds to threshold in a laser whose active region
temperature is 300 K, which is equivalent to room-tem-
perature pulsed threshold.

The temperature dependence of 9,, and 7, is assumed to
obey a relation similar to that given in [29] for the differ-
ential quantum efficiency:

Npa(T) = n5:(300) exp [—(T - 300)/27,). (17)

The main sources of Joule heating are in both confine-
ment layers and in the p-contact region. For the confine-
ment layers, the corresponding heat density can be ex-
pressed as

g D) = jue D oney (13)

with pyp, standing for the electrical resistivity (in lcm)
of the N(P)-confinement layer.

A similar formula is used to find the heat-flux density
generated in the p-contact region:

q{r) = jdne, [W/em’) 9
where p, is the contact resistivity (in Qcm?).

C. Heat Flux Spreading

In order to analyze the heat flux spreading, we con-
struct an electrical equivalent of the structure which can
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Fig. 3. Schematic diagram indicating distribution of major heat sources in
etched-well VC-SEL.

be solved using standard circuit theory. The cylindrical
symmetry of etched-well VC-SEL permits to simplify the
problem by dividing the entire device into a large number
(100) of bowtie prisms, each consisting of two diametri-
cally opposite elements [see Fig. 4(a)], and considering
only one such prism with periodic boundary conditions.
Each prism is then further divided into a large number
(409) of segments [Fig. 4(b)], and the spreading of heat
generated in each segment is considered using an equiv-
alent electrical circuit shown schematically in Fig. 5. All
electrical resistances in Fig. 5(b) are in fact chains of
many clementary resistances extending over the whole
structure. Contributions to heat flux spreading from each
segment are considered separately, with final results ob-
tained via a superposition rule. The method is described
in more detail in [30].

While the heat flux spreading in semiconducting part of
the structure is truly two dimensional, we can expect that
the heat flow through the oxide and contact/solder layers
will be one dimensional. This is due to the fact that the
thermal conductivity of the oxide layers is very low, the
contact layer is very thin, and the thermal conductivity of
In solder is several times lower than that of the Cu heat
sink.

D. Temperature Profiles

Consider first the temperature profiles in the semicon-
ducting part of the structure in which the heat flow is two
dimensional. Analytical solution of the thermal conduc-
tion equation is available for a homogeneous cylindrically
symmetrical structure [31). provided that no radial heat

-

Fig. 4. Schematic of the procedure of dividing (a) the entire structure into
cylindrically symmetric bowtie clements, and (b) a single bowtie element

into small segments.

(a)

\

“i-th segment

!

|

- oxide

®)

Fig. 5. (a) Schematic heat flux spreading from a single segment shown in

Fig. 4(b), and (b) corresponding simple equivalent electrical circuit.

transfer takes place at the boundaries of the region under
consideration.

Obvious'y, the etched-well VC-SEL is not a homoge-

neous structure since it contains layers of different mate-
rials. Nevertheless, for the purpose of obtaining the tem-
perature profile in the active region and in the adjacent
passive p-GaAs layer, we can replace various materials
with thermally equivalent layers of the prevailing mate-
rial. The semiconducting part of the structure shown in
Fig. 2 clearly can be divided ir two regions with different
prevalent materials: region 1 (r < r,) which, with the ex-
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ceptiv n of GaAs active layer, is composed of AlGaAs lay-
ers, and region II (r > r,) which, with the exception of
N-Al; 1Gay ;As layer, is composed of GaAs layers. Note
that these regions coincide with those introduced in the
analysis of current spreading. Hence we replace region I
with an equivalent cylinder composed of Al ;Gag ;As, and
we replace region II with a hollow cylinder composed of
GaAs. Each layer composed of nonprevalent material is
transformed into an equivalent layer of prevalent material
simply by multiplying its thickness by a ratio of thermal
conductivities of the prevalent material and the trans-
formed layer.

The second requirement for the analytical solution of
{31] to be applicable is a boundary condition of no net
heat transfer between regions I and II. This is achieved
by using the heat flux spreading results of Section III-C.
The yield of each segment is modified by adding (or sub-
tracting) contributions arriving from (or entering into) the
other region. This leads to a modified distribution of heat
sources which allows to treat the heat flow problems in
regions 1 and II separately.

The temperature increase in oxide and solder layers is
calculated using the basic formula

AT, = qusd,/ks (20)

where d, and k_; stand for the thickness and thermal con-
ductivity of layer i, and gys is a heat flux density entering
the heat sink. Finally, the temperature profile at the heat
sink/solder interface in the region of diameter r,, where
r, is the outer radius of the ring contact, is obtained by
modifying the well-known formula derived for a homo-
geneous heat source and three-dimensional heat spreading
into a semiinfinite medium [32)

ATys(r) = 8r,qus(r)/3xkys @n

where ks is the heat sink thermal conductivity.

IV. DiscussioN OF RESULTS

The device parameters assumed in the calculations are
given in Table II. The value of £, is calculated using for-
mulas given in [28). The SiO; and TiO, layer thicknesses
are taken from [33]. The values of doping concentrations
are found in [34). Electrical resistivities of P- and N-
AlGaAs are calculated from measured mobility data given
in [35], [36]. The value of p-contact resistance is chosen
according to [37]. Thermal conductivities of metal and
oxide layers can be found in [38] and [39), respectively.
The T, value for etched-well VC-SEL’s is given in [1].
The remaining parameters are taken from {7] and [40}.

Thermal conductivities of Al,Ga, _,As and GaAs lay-
ers are obtained from ‘the following relation (41):

k(x) = 0.44/(1 ¥12.70x - 13.22x%), W/ecmK.
22)

The temperature dependence of k. determined for GaAs
[42] is assumed to be valid for any composition of temary
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TABLE I
DEVICE PARAMETERS POR AN ETCHED-WELL GaAs-AlGaAs VC-SEL
Panmeter Notation Value
Pulsed threshold current I, 15 mA
Internal quantum efficicncies for:
* lasing » 0.9
* spontancous emission L. 05
Spontaneous radiation escape factor o 0.667
Layer thicknesses
® active d 2.5 um
® N-Al,; ;Gag ;As dy 2.0 um
o P-Al; ,Ga, -As d, 0.9 um
o P-Al, Gag oAS d, 0.1 ym
¢ p-GaAs blocking dys 0.3 um
* n-GaAs blocking d.s 0.7 um
¢ Si0, dox 301.4 nm
¢ TiO, dox 88 om
¢ solder d, 2.0 um
Radius of the elched well r. 5.0 um
Inner radius of the bottom contact r, 2.5 um
Outer radius of the bottom contact r, 20 pm
Radius of the structure rs 50 um
Thermal conductivities:
* Si0, kox) 1.38 W/mK
¢ TiO, kox2 84 W/mk
¢ In k, 87 W/mK
e Cu kys 401 W/mK
Resistivities
® N-Aly 3Gag,As (N = 7.107 em™?) on 8.5- 1072 0cm
* P-Al, ,Gag,As (P = 7.107 cm™?) or 0.135 Ocm
® p-GaAs (active) (p = 10" cm™?) N 0.27 Qcm
Contact resistivity pc 11073 Qcm?
Reverse saturation current density Jo 6 10°A/cm?
Characteristic temperature Ty 150K
Al,Ga, _,As [43]):
k(x, T) = k(x, 300 K) (300/T)*/*, (23)

The room temperature threshold current given in Table
I was chosen on the basis of theoretical results of [1].
[9), and [16]). For the active region thickness d = 2.5 um
and the resonator mirror reflectivities R,, R,, such that
Ry R, = 0.95, the threshold current density should be in
the range 15-20 kA /cm?, which for the active region of
radius r, = S um gives I, = 12-16 mA.

Unless otherwise stated, the results discussed below
correspond to a pumping current of 30 mA.

A. Current Spreading

The importance of a self-consistent approach to ther-
mal-electrical phenomena can already be appreciated by
examining Fig. 6, where solid lines represent self-con-
sistent solutions, and dotted lines correspond to nonself-
consistent solutions. While very little difference is ob-
served in the currem density distributions, the self-con-
sistent solution predicts significantly higher voltage drop,
which means that the nonself-consistent solution is ex-
pected to underestimate the active region heating. It
should be noted that within the active region, the current
density changes by a factor of 2.5, thus confirming our
assertion that nonuniform junction current injection should
be considered.
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Fig. 6. Distributions of the current density j.(r) (labeled j) and the volt-
age drop U(r) at the p-n junction (labeled U). Solid lines represent the
thermal-electrical self-consistent solution obtained in 10 iteration loops,
while the dotted lines correspond to the nonself-consistent solution. Dashed
fine labeled D corresponds to a solution obtained by using the approach of
{44).

Recently, an analysis of current spreading in VC-SEL’s
was published [44]. However, as illustrated in Fig. 6, it
is considerably less accurate than our approach. The treat-
ment of [44] limits the current spicading considerations
only to our region I, outside the active region. It neglects
the radial current component in the N-A1GaAs layer, and
results in a uniform current injection into the active re-
gion. We note that such solution can be easily obtained
from (9)-(14) if R®' is set equal to zero.

It should be noted that the current density distribution
obtained in self-consistent treatment indicates that the
etched-well VC-SEL structure may suffer from poor
matching between the optical field of fundamental trans-
verse mode, which has an intensity peak at r = 0, and the
optical gain, which will have a maximum at the edges of
the active region. For this reason, it is important to ex-
amine how the inhomogeneity of current density can be
reduced.

With the purpose of identifying the key mechanism re-
sponsible for inhomogeneity of carrent density, we ex-
amine influence of doping levels in the N-AlGaAs and p-
GaAs layers on the current injected into the active region.
Fig. 7 shows calculated distributions of the junction car-
rier density for various doping levels in the above layers.
A very important and favorable effect of increasing the
donor concentration in the N-AlGaAs layer [Fig. 7(a)] is
the improvement in uniformity of injected current den-
sity. This is due to reduction of N-AlGaAs sheet resis-
tance which results in deeper penetration of carriers to-
ward the center of the device. In the limit of zero sheet
resistance (curve 4), a perfectly uniform distribution
would be obtained for the entire active region. On the
other hand, increasing the doping level in the p-GaAs
layer [Fig. 7(b)] leads to an undesirable behavior, where
the current density injected into the active region drops.
The improved uniformity in this case is then taking place
at a level too low for the lasing action to occur.
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Fig. 7. Dependence of the distribution of the junction current density j,.(r)
on doping levels in adjacent passive layers. (a) N-Al; ;Gag ;As layer con-
centration of 7 % 10" cm~> (curve 1), 2 x 10" cm™> (curve 2), and 7 x
10" cm ™ (curve 3). Curve 4 comresponds to a limit of zero sheet resistance

in this layer. (b) p-GaAs layer concentration of 10'” cm™> (curve 1), § x
10" cm ™2 (curve 2), and 10'* cm~? (curve 3).

B. Heat Source Distribution

A major difference between this work and earlier stud-
ies of VC-SEL thermal properties {16], [23] is that we do
not assume uniform heat source distribution. Table III
compares heat generation densities due to various heat
sources evaluated at three points: in the center, at r =
{r, and atr = r,. It is clear that individual heat source
yields are strongly inhomogeneous, with the largest vari-
ation occurring in the N-AlGaAs layer. It should also be
noted that none of the three main heat sources dominates
over the others, which distinguishes the VC-SEL struc-
ture from edge-emitting lasers in which the active region
heating is the only heat source that needs to be considered
[24].

Fig. 8 shows pumping current dependence of the total
generated power due to various heat sources, obtained by
integrating focal yields over the entire layer (note that the
Joule power generated in the P-AlGaAs layer involves in-
tegration from r = 0 to r = r,, while the remaining total
yields are obtained by extending integration to r = r,). It
can be seen that the active region heating dominates at
relatively small values of current, while Joule heating in
the P-AlGaAs layer becomes the single most important
heat source at large values of current. This is due to ap-




TABLE I}
SPATIAL VARIATION OF HEAT GENERATION DENSITIES (in W /cm®)
ASSOCIATED WITH INDIVIDUAL HEAT SOURCES

Position Active P-Layer N-Layer Contact
r=0 122.5 62.7 5.2 -
r=25um 1522 94.4 214 11.6
r=5um 338.4 436.4 110.5 30

Power [mW]

Current [mA]

Fig. 8. Current dependence of heat generation power due to various heat
sources in etched-well VC-SEL. A—heating due to nonradiative recombi-
nation and reabsorption in the p-GaAs layer containing the active region;
P and N—Joule heating in P-Al, ;Ga, ;As and N-Al, ,Gag 1As layers, re-
spectively; C—Joule heating in the contact layer; J—total Joule heating
(the sum of P, N, and C).

proximately quadratic dependence of Joule heating on
current. The aggregate effect of Joule heating in all lay-
ers, shown as dotted line in Fig. 8, is the dominant heat
source virtually over the entire current range considered.
The active layer heating initially increases linearly with
current, but starts to grow superlinearly at higher cur-
rents. This is a direct consequence of self-consistency re-
quirement—the nonself-consistent solution for active layer
heating remains linear with pumping current.

C. Temperature Profiles

Table III and Fig. 8 demonstrate the importance of in-
homogeneous heat-source distribution and the key role of
Joule heating in etched-well VC-SEL's. Neglecting any
of these two aspects of thermal behavior is expected to
result in considerable inaccuracies. Fig. 9 illustrates this
point by comparing temperature profiles calculated in this
work to the results obtained using ecarlier models. Ne-
glecting Joule heating, as in [23], is bound to resuit in
largely underestimated temperature increase (by a factor
of two at 30 mA). At higher currents, where Joule heating
becomes dominant, the ermor will be even more serious
(close to a factor of three at 50 mA, not shown in Fig. 9).
On the other hand, assuming homogeneous distribution of
heat sources and neglecting any heat-flux spreading, as in
[(16], will artificially augment the temperature increase in
the active region, since no allowance is made for heat
transfer to surrounding layers (region II in our model).
This leads to an overestimate of the active region heating
at 30 mA by more than a factor of three.
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Fig. 9. Comparison of temperature profiles in the p-GaAs layer containing
the active region, calculated using various thermal models of etched-well
VC-SEL. S—thermal-electrical self-consisient solution; N—~not self-con-
sistent solution; B—one-dimensional model of [16]; K—model of [23) ig-
noring Joule heating. The total pumping current is 30 mA.
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Fig. 10. Self-consistent (solid lines) and not self-consistent (dotted lines)
temperature profiles in the p-GaAs layer containing the active region, for
various pumping levels. Curve 1—/, = 30 mA; curve 2—1I, = 40 mA;
curve 3—I7 = SO mA.

Fig. 10 illustratcs the importance of self-consistent
treatment for calculated temperature profiles. Not surpris-
ingly, the difference between self-consistent and not self-
consistent solutions increases with pumping current. An-
other very important feature is the temperature dip in the
center of the active region. Since the refractive index in-
creases with temperature [45], this implies that a thermal
antiwaveguide is formed. The effect is enhanced at higher
currents, with as much as 15°C variation for Iy = S0 mA.
Since the structure contains no built-in lateral waveguide,
thermal antiguiding will have significant impact on wave-
guiding properties of etched-well VC-SEL's. We conjec-
ture that this effect may also play a positive role in in-
creasing the maximum optical output power due to a wider
spot size of the fundamental mode in the case of antiguid-
ing.

We have established in Section IV-A that the doping
level of the N-Al, ;Gag ;As layer plays a crucial role in
controlling homogeneity of current density distribution in
the active region. Fig. 11 illustrates consequences of
varying the N-Al, ;Ga, ;As doping for temperature pro-
files. Since the average current density within the active
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Fig. 11. Effect of varying N-Al, ;Gag,As layer doping on temperature
profiles in the p-GaAs layer containing the active region. Curve 1—donor
concentration of 7 x 10" em™2; curve 2—2 x 10'" cm™?; curve 3—7 x
10'* cm™>.

region changes very little [cf. Fig. 7(a)], the average tem-
perature of the active region also remains nearly constant.
However, changing the N-Al,;3Gag,As doping signifi-
cantly affects the actual temperature profile, thus offering
the means to control the nature of thermal guiding from
strong antiguiding (curve 1) through weak antiguiding
(curve 2) to reversing the sign of the effect and achieving
thermal focusing (curve 3). Depending on specific prac-
tical requirements for a given application, all of these ef-
fects may be of interest. The ability to engineer thermal
waveguiding in etched-well VC-SEL's by rather simple
technological process represents a significant advantage
of these devices compared to edge emitters.

Intense heating of the active region inevitably increases
the threshold current density and limits the optical output
power. Apart from the active layer heating, the most im-
pontant heat source is Joule heating in P-Ala, ;Gag ;As
layer. We can therefore expect that reduction of resistivity
in this layer should lead to considerable improvement in
the device performance. Fig. 12 shows that it is indeed
possible to reduce significantly the active region heating
by increasing the doping level of P-Al, ;Gag ;As region.
As opposed to a similar effect obtained by increasing the
doping level in p-GaAs layer, this scheme does not result
in reduction of the density of current flowing through the
active region [cf. Fig. 7(b)). Thus, higher doping of P-
Alg 3Gag ;ASs region is the most effective way to ease the
thermal problems in etched-well VC-SEL's.

D. Consequences for Two-Dimensional Integration

As a final note, we discuss the impact of thermal effects
on large-scale two-dimensional integration of VC-SEL’s.
It can be appreciated, by examining Fig. 10, that while
the temperature drops rapidly outside the active region, a
long tail penetrating far away from the active element ex-
ists. If we consider a densely packed array of 10-um-di-
ameter emitters with 20 um center-to-center spacing {40],
thermal contributions from all 12 neighbors located within
a distance of 40 um will add to as much as 16°C at the
location of the central clement. This is almost as large as

Rodius [m)

Fig. 12. Effect of varying P-Al, yGa, ;As layer doping on temperature pro-

files in the p-GaAs layer containing the active region. Curve I—acceptor
concentration of 7 x 10'” cm™*; curve 2—7 x 10" cm >,

the temeprature increase due to the element itself, which
clearly demonstrates how critical is the thermal crosstalk
problem for large-scale integration.

The model presented in this paper offers a useful design
tool for optimization of two-dimensional arrays. In order
to avoid a costly and time-consuming process of trial and
error in selecting an optimum distance between the array
elements, it becomes imperative to consider thermal ef-
fects at the stage of designing the device. It is also very
important to avoid using oversimplified thermal models
of VC-SEL’s, since they lead to gross errors in predicted
thermal properties.

V. CONCLUSIONS

In spite of the severity of therma! problems in vertical-
cavity surface-emitting lasers, there has been no adequate
treatment of thermal properties of these devices. Previous
approaches suffered from oversimplified assumptions such
as one-dimensional heat flow or absence of Joule heating.
In this work, a comprehensive two-dimensional thermal-
electrical self-consistent model of VC-SEL’s is formu-
lated. Major heat sources are identified, and their spatial
distribution is determined by analyzing current spreading
in the device. Temperature profiles due to individual heat
sources are calculated, and their aggrepate effect is ex-
amined. Various new aspects of etched-well VC-SEL be-
havior are revealed. Unless careful design is undertaken,
which should involve thermal analysis such as given in
this work, the device may suffer from poor overlap be-
tween the optical field and gain profiles, which inevitably
would increase its threshold. Novel horizons for thermal
waveguide engineering are opened by the ability to con-
trol the sign and magnitude of the guiding effect simply
by changing the N-Alg 3Gag ;7As layer doping. An effec-
tive technique for reducing the extent of heating processes
by increasing the P-Aly1Gag,As layer doping is sug-
gested. It is also observed that heating problems must be
considered in the design of large-scale densely packed
two-dimensional arrays, where accumulation of, contri-
butions from the near and distant neighbors is expected to
be a major factor limiting the array performance. We con-
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clude that the present model represents an indispensable
tool in the design of high-performance VC-SEL’s oper-
ating CW at room temperature.
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ABSTRACT

A novel distributed feedback structure for wavelength-resonant surface-emitting semi-
conductor lasers is proposed and demonstrated. Compared to earlier resonant-periodic-gain de-
vices, the total thickness of the new structure can be considerably smaller while retaining the
characteristic features of the resonant-periodic-gain active medium. Room-temperature ¢cw and
pulsed operation of first distributed-feedback resonant-periodic-gain AlGaAs/GaAs/AlAs laser
is reported.

L INTRODUCTION

Surface-emitting semiconductor lasers are attracting considerable attention due to a wide
range of their potential applications. There have been several approaches (vertical resonators,
second-order grating coupling, and inclined mirrors) to achieve emission of the laser beam
through the top surface. Among these, vertical-cavity surface-emitting lasers (VC-SELs)}2 offer
distinct advantages of planar geometry, stable single-longitudinal-mode oscillation, and low-
divergence circular output beam. Small-area low-threshold-current lasers can be used in optical
computing and can be integrated with other optoelectronic devices to form part of monolithic
optoelectronic integrated circuits and optical interconnects. Their low beam divergence simpli-
fies the optics requirements and facilitates coupling into optical fibers. VC-SELs can also be
easily arranged in one- or two-dimensional arrays to form high-power sources with possible ap-
plications in free-space optical communications and in solid-state laser pumping.

Conventional VC-SELs suffer from low external efficiencies and consequently low output
powers. The primary reason for their poor performance lies in the competition between the de-
sirable vertical emission and parasitic amplification of radiation emitted spontaneously in the
directions parallel to the substrate plane. In order to suppress the amplified spontaneous emis-
sion (ASE) in the transverse directions and reduce the lasing threshold, a resonant-periodic-gain
(RPG) structure has been proposeds-é, The RPG design takes advantage of the vertical geometry
of VC-SELs by aligning quantum-well active regions, spaced at half the wavelength of a se-
lected optical transition, with the maxima of the longitudinal mode pattern at the design wave-
length. This enhances the gain along the vertical direction at the design wavelength and dis-
criminates against the ASE parallel to the wafer surface. In addition, more efficient pumping is
achieved and excitation of regions adjacent to the nulls of the standing wave is eliminated. In
order to achieve low threshold, the RPG active region is normally sandwiched between two
multilayer high reflectors (MHR), thus forming a distributed-Bragg-reflector (DBR) cavity with

* Also with the Department of Electrical and Computer Engineering, University of New
Mexico.
*¢ Also with the Department of Physics and Astronomy, University of New Mexico.




relatively large total thickness.

In this paper, we present a new distributed-feedback (DFB) structure for RPG lasers
which eliminates the need for end reflectors by interlacing the quarter-wave multilayer high
reflectors with the gain medium. This reduces considerably the total thickness of the device,
while retaining the characteristic features of the RPG active medium. We report on the first
implementation of the new concept, using an optically pumped MO-CVD grown wafer. Both cw
and pulsed operation is investigated. Preliminary results indicate that the new structure has
indeed potential for very high output power.

ISTRIB - BACK RESONANT-PERIODIC-GAIN MEDIUM

The length of DBR-type structures is inherently greater than that of otherwise equivalent
DFB devices because the amplifying and feedback sections overlap in the latter structures. For
VC-SELs, the device length is of primary concern, since apart from issues of technological
complexity and cost it also affects the ability to pump the device uniformly. To reduce the
DBR-RPG device length, we have proposed’ that the RPG medium be converted into a DFB
section by replacing the half-wave spacers with alternating quarter-wave layers which would
provide reflectivity required for feedback. The resultant DFB-RPG structure is schematically
illustrated in Figs. 1 and 2. A vertical resonator with highly reflective mirrors is created by a
stack of alternating high- and low-refractive-index quarter-wave layers that form a DFB
medium (layers C and D of Fig. 1, with refractive indices uc, pp). Within the DFB region, an
RPG active medium is interspersed, represented in Fig. 1 by thick lines A. Each element of the
RPG active medium can consist of a single quantum well or a group of coupled quantum wells
positioned in such a way that they coincide with the antinodes of the standing wave at the de-
signed wavelength of operation. This wavelength corresponds to a particular optical transition in
the quantum well. The elements of the embedding DFB medium form spacers between active
regions. One of the spacers, composed entirely of the high-index material B, serves as a phase
shifter to satisfy the roundtrip phase matching condition.

In the following, we will describe particular design that was used to grow the first DFB-
RPG AlGaAs/GaAs/AlAs wafer and report on initial results of cw and pulsed optical pumping
of that prototype device.

PE DI TED-FEEDBACK RESONANT- DIC-GAIN LA
STRUCTURE

A prototype AlGaAs/GaAs/AlAs DFB-RPG VC-SEL sample was designed to operate at
n = | subband transition in the quantum well. The active region consists of a stack of 10-nm
thick GaAs single quantum wells separated by half-wave passive spacers. Except for a phase
shifter in the central part of the structure, every spacer comprises two layers of AlAs (63.4-nm
thick) and Alg.15Ga0.8sAs (54.3 nm), each having an optical thickness of approximately a quarter
of the design wavelength A\, = 840.4 nm. The refractive indices for GaAs, Alg.15GagssAs, and
AlAs were taken as 3.60, 3.50, and 3.00, respectively.® The lower and upper portions of the
structure are separated by an Alp15GagesAs phase shifter with optical thickness of ap-
proximately JA./2. The whole structure contains 42.5 periods, of which 24 periods, counting from
the center of the phase shifter, are at the bottom (i.e., at the GaAs substrate side) and 18.5 pe-
riods are at the top. The output light is collected through the top surface. Since no quantum
well is adjacent to the very first quarter-wave layer located at the top surface, the Al content in
this layer is increased to 20% in order to avoid undesirable absorption of the pump light. The
thickness of that layer is 59.9 nm, corresponding to the refractive index of 3.47.8




The total thickness of the structure described above, including the quantum-well layers, is
approximately 5.42 um. For the sake of comparison, 8 DBR-RPG laser with the same cumula-
tive thickness of the active medium and the same reflectivities of multilayer reflectors would be
almost two times thicker (10.55 um) than the DFB-RPG structure.

Figs. 3(a) and 3(b) illustrate cavity reflectivity and gain spectra calculated for the DFB-
RPG structure described above and for an equivalent RPG device with Bragg reflectors. The
method of calculation follows a standard approach for periodic stratified media®. The transfer
matrix for the structure is simplified by noting that products of identical unimodular matrices
can be calculated analytically. Calculated reflectivities of the lower and upper reflectors are
99.76%. and 99.56%, respectively. The most remarkable difference between the two structures is
the absence of any side modes within the high-reflectivity band of the DFB-RPG laser. This is
a direct consequence of shorter cavity length. Strong enhancement of gain at the resonance
illustrates excellent wavelength selectivity of our structure.

In the process of designing the DFB-RPG structure, we used the reflectivity calculations to
check for the wavelength of resonant mode. When the total optical thickness of a single period,
consisting of a quantum well and an AlAs/Alg 1sGao.s5As "half-wave" spacer, was chosen to be
exactly equal to half of the design wavelength taken as 840.4 nm, the calculated resonant wave-
length was longer (~848 nm) than the design wavelength. We attribute this shift of resonant
wavelength to a phase-disturbing effect of quantum well layers. In order to correct for this
shift, we have slightly reduced thicknesses of alil spacer layers, thus bringing the resonance back
to 840.4 nm,

4, EXPERIMENTAL RESULTS

The MOCVD-grown prototype structure described in previous section was optically
pumped through the top mirror. The as-grown wafer was mounted in a holder, without any
provision for heat-sinking. In order to enhance pumping efficiency, pumping wavelengths of
735-740 nm was selected. The corresponding photon energies of 1.68-1.69 eV are larger than
the bandgap of Alp.15GagssAs spacers (1.63 eV)!® but smaller than the bandgap of the cap
Alp2GagsAs layer (1.70 eV).2® Hence, the pumping light was absorbed in Alo.15Gao.s5As
spacers, generating free carriers which subsequently could fall into quantum well GaAs active
regions. This indirect pumping combined with absorption in quantum wells results in an im-
proved pumping efficiency.

Since no heat sink was used, we anticipated that cw output power would be seriously
limited by thermal effects. Therefore, with the aim of determining the potential of DFB-RPG
lasers for high-power operation, we performed both pulsed and ¢w input/output measurements.

The experimental arrangement used for measurements of the pulsed input/output charac-
teristics is shown schematically in Fig. 4. For pumping the DFB-RPG structure through the top
surface, we used a dye laser (Quanta-Ray PDL-1, 230 uJ single-pulse energy), pumped by a
Nd:YAG laser (Quanta-Ray DCR-2). The dye laser emitted 7 ns pulses at 10 Hz repetition rate,
and was tuned to 735 nm wavelength. The pump beam power could be altered gradually by ad-
justing a variable neutral-density (ND) attenuator. A high-transmission, low-reflection (90/10)
beam splitter BS allowed a direct measurement of the input power by reading the transmitted
part of the pump power and multiplying it by a calibration factor that converted the transmitted
power into the input power. A calibrated Gentec photodetector was used for this purpose. A
calibrated dichroic beam splitter DBS was used to redirect the pump beam on its path towards
the sample and to separate the reflected portion of the pump beam from the DFB-RPG output.
Additional calibrated ND filter was inserted between the beam splitters BS and DBS to further
attenuate the pump beam. A 10x microscope objective served a dual purpose of focusing the
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pump beam and collimating the output. The DFB-RPG output power was measured using a Si
photodetector calibrated to give the single-pulse output energy. Residual reflected pump beam
was eliminated by an interference filter placed between the beam splitter DBS and the Si
detector.

The experimental setup for cw measurements was essentially similar to that shown in Fig.
4. A dye laser (Coherent CR-599, 200 mW) operating at 740-nm wavelength, pumped by cw
argon-ion laser (Spectra Physics Series 2000), was used as a pump source. The beam splitter BS
was replaced by another beam splitter having low transmission (10%) and high reflection (90%),
and no detector was placed behind BS. Calibrated power meters were employed to measure
pumping and output power just prior to microscope objective and just after the interference
filter, respectively. Spectral measurements were performed by coupling the DFB-RPG laser
output into a high-resolution spectrometer by means of an optical fiber placed in a position of
Si detector in Fig. 4. Appropriate interference filters were used between the beam splitter DBS
and the fiber to select either pump signal or DFB-RPG output.

Fig. 5 shows a typical input/output characteristic for room-temperature cw pumping. The
pump power values have been corrected for measured reflection from the surface (~32%) and
calculated transmission (8%) through the DFB-RPG section. The lasing threshold for 10-um spot
size is ~60 mW, with top-surface output power efficiency of 9.3%, and differential quantum
efficiency exceeding 80%. The maximum output of 6.7 mW is obviously limited by heating
effects.

The output spectra centered at ~878 nm were rather broad (0.8 nm) with a complex struc-
ture indicating multiple transverse mode operation. Further work on improving the design with
the goal of reducing the spectral width is in progress.

An input/output characteristic under pulsed pumping conditions is shown in Fig. 6. The
output power of 8.5 W over 7 ns pulsewidth with power conversion efficiency of 10.>% is ob-
tained. To our best knowledge, this is the highest peak power ever reported for VC-SEL de-
vices. These data are preliminary and at this time a reliable estimate of maximum power density
cannot be given. This is due to the fact that the beam was defocused slightly in order to maxi-
mize the output power and therefore the spot size is not exactly known. Further experiments are
underway to determine the actual spot size. However, the several orders of magnitude difference
between the pulsed and cw maximum output power density is a clear indication that easing the
heating problems by employing efficient heat sinking should lead to significantly higher cw
output power.

5. CONCL USIONS

A novel DFB-RPG structure for vertical-cavity surface-emitting lasers has been proposed
and demonstrated. Compared to recently developed DBR-RPG structures, a reduction in the
total thickness of the device by almost a factor of two is achieved by eliminating the end re-
flectors and by interlacing the quarter-wave multilayer high reflectors with the RPG medium.
The DFB-RPG devices offer the advantages of considerably simpler fabrication process, im-
proved wavelength selectivity, and strong discrimination against excitation of secondary longitu-
dinal modes. Preliminary data obtained on optically pumped bare wafer sample without any heat
sink indicate that very high output power should be possible. 6.7 mW cw and 8.5 W pulsed
output power was measured.
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